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ABSTRACT  
Titan’s thick atmosphere is enriched with organic compounds and its surface holds 
reservoirs of hydrocarbons. This makes Titan the only other candidate in our solar system (apart 
from Earth) to have stable liquid at the surface. The stability and characteristics of liquid and ices 
on the surface of Titan are of high importance in understanding its surface-atmosphere interactions. 
Titan’s hydrological cycle is similar to what we see on Earth, with the exception of methane (CH4) 
and ethane (C2H6) taking the place of water. The smoggy atmosphere veils the surface of Titan 
from the view of Cassini spacecraft, except at seven atmospheric “windows” centered at 0.94, 
1.07, 1.28, 1.59, 2.0, 2.7-2.8, and 5.0 µm. Using one of these atmospheric “windows” at 1.59 µm, 
the feature of acetylene (C2H2) has been identified in this study. Several studies in the past have 
speculated the presence of C2H2 with photochemical models and predicted it to exist on the surface 
of Titan forming hundreds of meter thick layer. The spectrum of C2H2 under simulated Titan 
conditions was collected in this study to unveil the surface of Titan as C2H2 rich. C2H2 and other 
solid compounds such as ethylene (C2H4) are thought to be abundant on Titan’s surface and soluble 
in liquid CH4 and C2H2, among the major compounds dissolved in the lakes. Using NIR 
spectroscopy techniques and numerical modeling, the solubility of C2H2 and C2H4 in methane and 
ethane has been estimated. C2H2 is highly soluble in ethane compared to methane whereas C2H4 
is slightly more soluble in methane compared to ethane but almost an order of magnitude more 
soluble than C2H2. In the present work, the sublimation rate of methane ice and the freezing rates 
of methane and ethane have also been determined. Results suggest that after the rainstorm on Titan, 
liquid methane and ethane will freeze on the surface and then melt/sublimate. This process is in 
agreement with the recent observation from Cassini Spacecraft, as it observed the brightening and 
darkening of the surface after the rainstorm. The results of this dissertation proves the theory of 
 
 
existence of acetylene on the surface of Titan as well as report constraints relating to the 
composition of lakes on Titan. The study also reports a spectral library of different hydrocarbons 
at Titan relevant conditions to analyze the recent and fourth coming Cassini spacecraft 
observations.  
  
 
 
ACKNOWLEDGEMENTS 
 
The research in this dissertation involving the laboratory simulation and Fourier Transform 
Infra-Red (FTIR) spectroscopy techniques, computer modeling was funded by the NASA Outer 
Planets Research Program (OPRP) # NNX10AE10G. Parts of this work such as the detection of 
acetylene and developing numerical model for solubility were conducted at Bear Fight Institute, 
Winthrop, WA, supported from Cassini Visual Infrared Mapping Spectrometer (VIMS) 
subcontract # 1416996 by Dr. Thomas B. McCord and Dr. Jean-Philippe Combe. 
Special acknowledgement is given to Dr. Thomas Cornet, Dr. Sebastien Rodriguez, and 
Dr. Stephane Le Moulic, who helped in the project on the detection of acetylene and performing 
Radiative transfer modeling on the project. Thank you for working with me and help me discover 
a new hydrocarbon of Titan.  
I would like to thank my academic advisor, Dr. Vincent Chevrier for giving me the 
opportunity to work on this intriguing project from the start, and advising me along the way with 
valuable comments throughout the work progress, and preparation of this dissertation. Also, 
special recognition is given to Dr. Larry Roe for providing insights and comments over the Titan 
meeting and maintaining Titan simulation chamber. I would like to thank Dr. Jason Tullis for 
teaching me valuable lessons on remote sensing and data analysis. I would also like to thank Dr. 
Richard Ulrich for helping me develop computer codes necessary for my doctorate.  
A special thanks to Gurdeep Singh, Dinesh Sood, and Vandana Sood, for providing support 
and words of encouragement, and motivation when most needed. I would also like to thank my 
undergraduate research advisor Dr. Lazslo Kestay, who motivate and encouraged me to pursue 
doctorate in the field and putting me on the right track.  
 
 
Last but not least, a special thanks to my parents, and my girlfriend/future wife, Virpal 
Kaur Wander, for giving me the strength, motivating me, supporting me, and being there for me 
throughout the completion of this dissertation.  
 
  
 
 
DEDICATION 
 
This dissertation is dedicated to my grandfather, Chattar Singh Magar, who supported me 
since my childhood and stood with me in all my achievements, taught me valuable lessons of life 
and never to give up, without him and his wise advise I would have never made it this far. 
 
  
 
 
 
TABLE OF CONTENTS 
1 INTRODUCTION................................................................................................................. 1 
1.1 Overview ......................................................................................................................... 1 
1.2 Titan ................................................................................................................................ 3 
1.2.1 Atmosphere ..................................................................................................................................................... 3 
1.2.1.1  Methane ....................................................................................................................................................... 6 
1.2.1.2  Formation of ethane, acetylene and ethylene .............................................................................. 7 
1.2.2 Surface ............................................................................................................................................................. 11 
1.2.2.1 Huygens Landing .................................................................................................................................... 13 
1.2.2.2 Lakes ........................................................................................................................................................... 17 
1.3 Science Goals and Objectives ....................................................................................... 20 
1.3.1 Science Goals ...................................................................................................................................................... 20 
1.3.2 Objectives ............................................................................................................................................................ 21 
1.4 Outline of Chapters ....................................................................................................... 24 
References ................................................................................................................................. 25 
2. NEAR-INFRARED SPECTRA OF LIQUID/SOLID ACETYLENE UNDER TITAN 
RELEVANT CONDITIONS AND IMPLICATIONS FOR CASSINI/VIMS DETECTION
 30 
2.1 Abstract ......................................................................................................................... 31 
2.2 Introduction ................................................................................................................... 32 
2.3 Experimental setup........................................................................................................ 35 
2.4 Infrared spectrum of acetylene...................................................................................... 36 
2.4.1 Background in acetylene infrared spectroscopy ............................................................................ 36 
2.4.2 Measurement of acetylene infrared spectra between 1.0 and 2.2 µm .................................. 37 
2.4.3 Difference in spectra between the two phases ............................................................................... 40 
2.5 Detectability of acetylene with the Cassini/VIMS instrument ..................................... 44 
2.6  Conclusion .................................................................................................................... 47 
References ................................................................................................................................. 49 
3 IDENTIFICATION OF ACETYLENE ON TITAN’S SURFACE ................................ 54 
3.1 Abstract ......................................................................................................................... 54 
3.2 Introduction ................................................................................................................... 55 
3.2 Our search for acetylene ............................................................................................... 55 
3.3 Amounts and distribution of Acetylene on Titan .......................................................... 57 
3.4 Discussion and conclusions .......................................................................................... 65 
Acknowledgements ................................................................................................................... 66 
References ................................................................................................................................. 66 
4 EXPERIMENTAL DETERMINATATION OF C2H2 AND C2H4 SOLUBILITY IN 
LIQUID CH4 and C2H6: IMPLICATIONS TO TITAN’S SURFACE .................................. 68 
4.1 Abstract ......................................................................................................................... 68 
4.2 Introduction ................................................................................................................... 69 
4.2.1 Titan’s Global settings ............................................................................................................................... 70 
4.3 Experiments .................................................................................................................. 71 
 
 
4.3.1 Calculation of solubility from Spectral Mixture Analysis (SMA, e.g. Adams et al., 
1986): 75 
4.4 Results ........................................................................................................................... 78 
4.4.1 Acetylene ........................................................................................................................................................ 80 
4.4.2 Solubility in Methane and Ethane......................................................................................................... 81 
4.4.3 Ethylene .......................................................................................................................................................... 85 
4.4.4 Solubility in Methane and Ethane......................................................................................................... 87 
4.5 Discussion ..................................................................................................................... 89 
4.6 Conclusions ................................................................................................................... 96 
Acknowledgments..................................................................................................................... 97 
References ................................................................................................................................. 97 
5 EXPERIMENTAL STUDY OF METHANE AND ETHANE ICES ON THE 
SURFACE OF TITAN ............................................................................................................. 102 
5.1 Abstract ....................................................................................................................... 102 
5.2  Introduction ................................................................................................................ 103 
5.3  Experimental Methods: .............................................................................................. 104 
5.4 Background in Methane and Ethane Spectroscopy .................................................... 105 
5.5 Results ......................................................................................................................... 108 
5.5.1 Methane Liquid at 87 K .......................................................................................................................... 108 
5.5.2 Ethane Ice .................................................................................................................................................... 112 
5.5.3 Freezing rate of Liquids ......................................................................................................................... 115 
5.6 Discussion ................................................................................................................... 118 
5.7 Conclusion .................................................................................................................. 120 
Acknowledgments................................................................................................................... 121 
References ............................................................................................................................... 121 
6 CONCLUSIONS AND SYNTHESIS .............................................................................. 125 
6.1 Acetylene detection ..................................................................................................... 126 
6.2 Effect of solubility of Acetylene and Ethylene on Titan’s surface ............................. 128 
6.3 Formation of fluvial channels and Karstic Lakes ....................................................... 133 
6.4 Lakes Composition ..................................................................................................... 134 
6.5 Detection of Evaporites............................................................................................... 137 
6.6 Future Directions ........................................................................................................ 140 
References ............................................................................................................................... 141 
 
 
 
 
LIST OF FIGURES 
 
Figure 1.1: The temperature profile as measured by HASI (solid line) and compared 
engineering model (dashed line). Horizontal dashed lines delineate the measopause 
at 490 km, the stratopause at 250 k, and the tropopause at 44km (image credit: 
Fulchignoni et al., 2005).  
 
Figure 1.2: Flowchart representing the major ion reactions in Titan’s upper atmosphere as 
computed by models (Vuitton et al. 2007). This plot shows the chemical pathways 
of the formation of ethane, acetylene and ethylene in the atmosphere in large 
quantity.  
Figure 1.3:  Map of Titan’s surface compiled from Cassini ISS instrument 0.938 m images. 
The resolution varies according to the viewing geometry. Map shows all the 
different geological features such as, oceans in the north, plain dark terrains in the 
equatorial regions with fluvial features, bright and high topographic features, and 
etc.  
Image Credit: Porco et al. 2005, ESA/NASA/JPL/ University of Arizona 
 
Figure 1.4:    Panorama view taken by the DISR cameras during decent with viewing direction 
towards north. Image credit: ESA, NASA, JPL, University of Arizona. Panorama 
by: R. Pascal, February 6, 2005 
 
Figure 1.5:    Cobbles, pebbles possible made of water ice covered with organic dust and small 
grain sediments at the Huygens landing site. The size of the pebbles in the 
foreground is between 10 to 15 cm. Image Credit: ESA/NASA/JPL/University of 
Arizona. 
 
Figure 1.6:    ISS South Pole observation showing a long 235 km long dark feature named as 
Ontario Lacus and with other possible small lakes. Red Cross represents the South 
Pole of Titan.  
Figure 1.7:    Cassini RADAR images of northern lakes, (top) empty and partially filled lakes 
(bright and granular unit), (bottom) filled lake (dark unit) named as Kraken Mare, 
one of the large lakes on Titan. Image Credit: NASA/JPL/ESA/University of 
Arizona.  
Figure 2.1:     Phase diagram of methane (CH4), ethane (C2H6), propane (C3H8), acetylene (C2H2) 
and acetone (C3H6O). Tm represents the melting temperature at melting point. The 
vapor pressure data comes from the CHERIC database. 
 
Figure 2.2:     Temperature vs. Time profile of acetylene experiment clearly showing liquid and 
solid range.  
Figure 2.3:  Experiment summary Image of acetylene ice poured into the sample pan through 
the solenoid valve. Acetylene spectra have been acquired under Titan surface 
conditions (1.5 bar of N2 and 90 K). 
 
 
Figure 2.4:  A) Comparison between acetylene (liquid and solid) - acetone mixture spectrum 
acquired at 190 K and under Titan surface conditions and a pure acetone spectrum 
acquired under similar conditions (92 K, but at atmospheric pressure). Dashed line 
represents the acetone absorption bands present in the acetylene spectra. Shaded 
regions are the VIMS atmospheric windows. B) Comparison between the acetylene 
(liquid in black and solid in red) spectra collected in the lab and at VIMS spectral 
resolution. Two major VIMS atmospheric windows where acetylene can be 
detected on Titan’s surface (1.5 and 2 mm) are shaded grey.  
 
Figure 2.5:  Comparison between resampled acetylene lab spectra to VIMS resolution and Titan 
spectrum (VIMS cube: CM_1521405896). A notch in VIMS spectrum at 1.55 mm 
may be indication of acetylene on Titan. 
 
Figure 2.6:  Condensation of acetylene at two different altitudes on Titan. The Huygens/HASI 
profile is that of Fulchignoni et al. (2005) and the Cassini CIRS data are those of 
Vinatier et al. (2010). The vapor pressure data for acetylene comes from the 
CHERIC database. 
 
Figure 3.1:  A) Comparison between C2H2 lab spectra (Blue), lab spectra resampled to Cassini 
VIMS resolution (Red), and Cassini VIMS spectra of Tui Regio (Black) ranging 
from 1 – 2.2 µm. B) Same as A, but centered on the 1.59 µm window.  
Figure 3.2:  A) Spectra of C2H2 (red) mixed with neutral albedo compared to spectra of constant 
albedo ranging from 0 to 1 (black), at the VIMS resolution and seen through the 
atmosphere of Titan. B) Modeled spectra centered on the 1.59 μm window. C) 
Spectral criterion to detect C2H2 as a function of the albedo of neutral surface and 
the percentage of linear mixing between C2H2 and a neutral surface. It is simulation 
of second criteria calculating the ratio of the slopes from 1.54-1.55 µm and 1.54-
1.59 µm with (colored lines) and without (black line) C2H2 at different 
concentrations (0 to 1). C2H2 shows up quite readily with respect to any other 
constant surface albedo. Making this assumption of a flat surface albedo in such 
short wavelength range (1.54-1.59 µm) as a “no detection” reference is fully 
reasonable, indicating if there is a local absorption around 1.55 µm.  
Figure 3.3:  
illuminated and viewed at less than 60o angles. b) Acetylene detection map for a 
criterion value exceeding a 0.0134 threshold determined from Radiative Transfer 
simulations applied to laboratory spectra. c) A map showing the calculated errors 
on the slope criterion values due to the intrinsic noise in the VIMS data 
Figure 3.4:  From top to bottom: Tui Regio, Fensal-Aztlan/Quivira region and Adiri/Shangri-
RGB band ratios color composites, by our detection criterion and by the RADAR 
SAR images on top the color composite. 
Figure 4.1:  A schematic of Andromeda chamber at University of Arkansas.  
 
 
 
Figure 4.2:  Mixing coefficient values vs. Mass of the end members. Top: Calibration curve for 
methane, bottom: calibration curve for ethane. 
Figure 4.3:  Comparison between liquid and solid phase of acetylene (top) and ethylene 
(bottom). 
Figure 4.4:  NIR spectra of pure acetylene (green) and pure methane (blue) compared to the 
NIR spectra of the mixture of methane and acetylene (red) (right). NIR spectra of 
pure acetylene (green) and pure ethane (blue) compared to the NIR spectra of the 
mixture of methane and acetylene (red) (left) indication large absorption band at 
1.55 μm. Thin dotted line shows the identified absorption bands of acetylene in 
mixture spectrum, shaded region are two Cassini VIMS atmospheric windows at 
1.6 and 2.0 μm. 
Figure 4.5:  Results from MELSUM. (Left) Unknown spectrum of methane + acetylene (red) is 
modeled with MELSUM (green dotted) by using endmember of methane (magenta) 
and acetylene (blue). Residual from the modeled spectrum and unknown spectrum 
is displayed in black with a value of ~ 0. (Right) same as left but with ethane + 
acetylene mixture. Ethane endmember is shown in magenta color.  
Figure 4.6:  NIR spectra of pure ethylene (blue) and pure methane (magenta) compared to the 
NIR spectra of the mixture of methane and acetylene (green) (left). NIR spectra of 
pure ethylene (blue) and pure ethane (red) compared to the NIR spectra of the 
mixture of methane and acetylene (green) (right). 
Figure 4.7:  Results from MELSUM. (Left) Unknown spectrum of methane + acetylene (red) is 
modeled with MELSUM (green dotted) by using endmember of methane (magenta) 
and acetylene (blue). Residual from the modeled spectrum and unknown spectrum 
is displayed in black with a value of ~ 0. (Right) same as left but with ethane + 
acetylene mixture. Ethane endmember is shown in magenta color.  
Figure 4.8:  Mass of acetylene dissolved in liquid as a function of depth of lakes. The thick 
black dashed line indicates the amount of acetylene present in the atmosphere.  
Figure 4.9:  Mass of ethylene dissolved in liquid as a function of depth of lakes.  
Figure 5.1:  Experimental run of methane and ethane simulation. A) Methane simulation mass 
as function of time. Vertical dashed lines indicated the different phases of the 
experiment, section (I) represent the minor fluctuation of mass before methane 
pour, a mass jump in section (II) represents methane pour of ~ 20 g. Section (III) 
shows a linear decrease in the mass indicating a sublimation as the atmosphere 
equilibrates. A linear red line in the section (iii) is a linear fit to calculate 
sublimation rates.  B) Ethane mass simulation as a function of time. Sections (I-III) 
are different phases of experiments same as in fig 2a. (C, D) corresponding 
temperatures. (E, F) Magnified regions of the temperature profile showing the 
change of phase from liquid to ice for both methane and ethane.  Black line shows 
the triple point of methane and ethane with N2 freezing temperatures at 1.5 bar 
indicated in pink clearly pointing out the ice phases of the sample. 
 
 
Figure 5.2:  A) Methane liquid (92 K) and liquid crystal (87 K) spectra, lower reflectivity 
spectra are in liquid phase and higher reflectivity are liquid crystal phase, and the 
intermediate spectra represent the transition from liquid to liquid crystal..   B) 
Liquid crystal phase spectra offset for clarity and to show the reduction in 
absorption band depths implying evaporation. C) Ethane liquid (92 K) and ice (88 
K) spectra, blue and green spectra are in liquid phase with lower reflectivity and 
red and turquois are in ice phase with higher reflectivity. 
Figure 5.3.  Evolution of band depth of main methane abortion bands as a function of time 
(Section III in Fig. 2A). The decrease of band depth indicates methane evaporation. 
Figure 5.4:  Methane evaporation rate vs. Temperature. A trend shows the decrease in 
evaporation and a sublimation rate at 83 K (Red Square).  Blue square indicates the 
evaporation values calculated by Luspay-kuti et al. (2012).  
Figure 6.1:  First topographic map of Titan by Lorenz et al. 2013 in the same projection as maps 
in chapter 3. 
Figure 6.2:  Hypsogram of Titan. (Top) our acetylene detection criteria vs. topography maps 
from Lorenz et al. 2013. (Bottom) hystogram vs. topography of Titan. 
Figure 6.3:  (Top) Overlapping of the three different VIMS observation, in panel (a) the same 
satellite projection used for VIMS maps have been applied to the ISS observation.  
Figure 6.4:  Evidence of formation of evaporites. Absorption band at 1.55 µm continues to 
appear and stronger as methane evaporates.  
 
LIST OF TABLES 
 
Table 2.1:  Position of the absorption bands of liquid and solid acetylene and acetone with 
±0.0004 µm of error. 
 
Table 5.1:   Measured and calculated parameters in methane evaporation experiments under 
Titan conditions.  
  
1 
 
1 INTRODUCTION 
1.1 Overview 
The study of Titan can be tracked back more than 300 years when Christian Huygens 
(1629-95) discovered Titan on March 25, 1655. Pioneer became the first spacecraft that flew past 
the Saturn system and confirmed the low temperature on Titan and verified that a safe passage 
existed through a gap in the rings to reach Titan. The break through about Titan came with the 
Voyager spacecraft, which confirmed the existence of an atmosphere and orange haze that veil the 
surface from the spacecraft’s view. The Cassini-Huygens mission that has spent over 10 years in 
the Saturn system has shaped our current understanding. Cassini has allowed us to peek through 
the thick layer of ‘smog’ and unveil the surface with geological activity similar to Earth as well as 
provide clues to the measure the density of the constituents of the complex atmosphere. The 
mission even landed the Huygens probe on the unknown terrain of the satellite and presented 
valuable information about the surface chemistry. Titan’s atmosphere acts as a complex 
hydrocarbon factory producing and destroying numerous organic compounds that trigger the 
geological process on the surface. In order to constrain the complex mechanism of Titan; a 
combination of laboratory measurements, spacecraft data analysis, and complex numerical 
modeling is required. All these methods must work together to provide a complete and accurate 
understanding of a complex system such as Titan.   
Before any un-manned spacecraft made its approach to Titan, earth-based observations 
were the only method to observe Titan. In 1943 Gerard P. Kuiper discovered methane absorption 
in Titan’s spectrum and suggested the atmosphere of Titan as methane rich (Kuiper, 1944). It took 
almost 50 years and several conflicting ideas and observation to declare Titan’s atmosphere as 
nitrogen rich (Atreya et al. 1978). Later, Voyagers observations showed that the main component 
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of the Titan atmosphere was indeed nitrogen with few percent of methane. Voyagers also 
discovered the traces of nitriles (e.g. HCN) in the atmosphere and open the gates for Titan’s 
fascinating and complex chemistry.  
Pre Cassini-Huygens exploration of Titan, we knew several things such as: 1) the 
atmosphere is nitrogen rich with few percent of methane and traces of other hydrocarbons and 
nitriles. 2) Surface temperature and pressure were 94 ± 0.7 K and 1.496 ± 0.02 bar respectively. 3) 
It was assumed that a global ocean of ethane exists at the surface, ethane was considered as final 
and stable product of methane dissociation (Lunine et al. 1983). In 2004, arrival of Cassini 
spacecraft to Saturn’s system ushered a new era. From the first observation of Titan, it became 
evident that no global ethane ocean exists, but rather several small lakes and seas at the polar-
regions (Hayes et al., 2008, Turtle et al., 2009, Stofan et al., 2007). Cassini has returned a wealth 
of data about Titan with its onboard instruments: e.g. RADAR, VIMS, ISS, and CIRS.  Cassini’s 
Visual Infrared Mapping Spectrometer (VIMS) obtained spectral data of the surface within the 
atmospheric windows centered at 0.94, 1.08, 1.28, 1.6, 2.0, 2.8, and 5.0 microns (Barnes et al. 
2007), allowing the identification and mapping of surface features. The data from Cassini-Huygens 
increased the knowledge on the composition and structure of the atmosphere that led to numerous 
models predicting liquid and surface composition (Cordier et al., 2009, 2011, Glein et al. 2013). 
The upper atmosphere serve as a chemical factory using sun’s energy to break and form different 
constituents that decide the fate of lakes and other geological activity on the surface.   
To understand and detect new constituents of such a complex structure we need laboratory 
measurements on different hydrocarbons paired with Cassini-Huygens observation that can be 
used to our advantage to overcome the difficulties of this dynamic new world. Recreating the 
extreme environment of Titan comes with its own set of difficulties, which were overcome by 
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developing a cryogenic environmental chamber at W. M. Keck Laboratory at University of 
Arkansas. This dissertation provides the laboratory near infrared study of several different 
hydrocarbons, the solubility measurements of hydrocarbons ices in liquid methane and ethane, and 
the detectability of acetylene on the surface. These new results provide a detailed explanation of 
surface activity and lake composition on Titan.  
In this chapter, I overview the current understanding of Titan’s atmosphere and surface of 
Titan relevant to the topics explored in this dissertation, state the objective and science goals of 
this study, and provide an outline for the following chapters.  
 1.2 Titan 
Titan stands second after Ganymede (Jupiter’s moon) in the largest moon category of our 
Solar System with surface diameter of ~ 5150 Km, which is half the size of Earth and almost as 
large as Mars. It is the only natural satellite known to have dense atmosphere and the only other 
body besides Earth in entire Solar System to sustain stable bodies of surface liquids. Titan is very 
similar to Earth, it is believed that current conditions on Titan are very similar to pre biotic Earth. 
It is one of the most Earth-like worlds we have found to date with a similar hydro-geological cycle. 
The only difference is that on Earth’s cycle is driven by water and on Titan it’s driven by methane. 
The temperature is so cold (~ 90-94 K) that makes water as hard rocks and allows methane and 
ethane to be found in its liquid form. Methane and ethane are of most significance as they form 
bodies of liquid on the ground and reacts with other hydrocarbons to shape the surface of Titan.  
1.2.1 Atmosphere  
Considered much like pre-biotic Earth, Titan is the only other planetary body in our Solar 
System besides Earth that has a dense nitrogen atmosphere.  The atmosphere is predominantly 
molecular nitrogen with methane as the next most abundant molecule. The third abundant 
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molecule is hydrogen with a tropospheric mole fraction of 0.001 increasing to 0.004 at ~ 1000 km 
and ~ 0.02 at the altitude of ~ 1500 km (Titan from Cassini Huygens, p-235). The mass of Titan’s 
atmosphere results in a pressure of 1.5 bar at the surface that exceeds the pressure of our home 
planet by 50%.  Titan’s atmosphere is driven by complex chemistry that is initiated by methane 
photolysis in the upper atmosphere and catalytic reaction in the stratosphere, and by nitrogen 
dissociation due to both UV photons and energetic electrons. Ethane and hydrogen cyanide are 
most abundant products of photolysis effect. While the mixing ratio of these photochemical species 
vary with the altitude, latitude, and time as a consequence of various chemical sources and 
atmospheric transport, this redistributes them both vertically and horizontally (Brown et al. (2010), 
Titan, (p.158)).  To understand the changes in atmosphere, Huygens probe HASI (Huygens 
Atmospheric Structure Instrument) measured Titan’s thermal profile from 1400 km to the surface 
at equatorial latitudes. It was evident that like Earth, Titan has a well-defined troposphere, 
stratosphere, and mesosphere except it is much colder. Figure 1.1 illustrates Titan’s atmospheric 
temperature profile as measure by the Huygens probe (Fulchignoni et al., 2005).  
Once, the thermal profile of Titan’s atmosphere was clear, the formation and destruction 
of major atmospheric constituents were modeled, which started the era of identifying the quantity 
of constituents present in the atmosphere. The major atmospheric constituents, along with 
incoming solar radiation initiate the process of complex organic chemistry in Titan’s atmosphere. 
This section emphasizes the observational facts and divides the composition and formation of four 
major constituents used in this dissertation.  
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Figure 1.1: The temperature profile as measured by HASI (solid line) and a compared engineering 
model (dashed line). Horizontal dashed lines delineate the measopause at 490 km, the stratopause 
at 250 k, and the tropopause at 44km (image credit: Fulchignoni et al., 2005). 
6 
 
1.2.1.1  Methane  
Methane is the second most abundant compound in Titan’s atmosphere; it serves as main 
constituent that controls the hydrogeological cycle of Titan. The triple point of methane (90.7 K) 
is close to the average surface temperature (90 K) and can exist in all three different phases, 
however the abundance of methane varies with the altitude. The abundance of methane in the 
troposphere and stratosphere was quite uncertain after the Voyager mission. The stratospheric 
mole fraction was thought to be somewhere between 0.5 to 4.5 percent. The Huygens GCMS 
measured the precise vertical profile of methane during the probe descent (Niemann et al. 2010). 
From Huygens – HASI temperature profile, the mole fraction of methane with the inferred value 
of 5.65  0.18  10-2 was constant from surface to ~ 7 km (Fulchignoni et al. 2005). The value 
decrease with the altitude up to 45 km and is constant in the stratosphere between 75 to 140 km of 
1.48  0.09  10-2 mole fractions. The relative humidity (RH) of methane in the Huygens landing 
site (10.3 S, 192.37 W) was found to be ~ 50% just above the surface. At ~ 8 km altitude, methane 
mole fraction is constant and expected to reach equilibrium, suggesting the RH of 100%. However 
at 8 km, the RH turns out to be 80%. Lower RH can be explained by the mixing of nitrogen in 
liquid methane, which lowers the saturation vapor pressure. As a consequence, methane in fact can 
reach 100% RH at 8 km where the condensation of methane is expected to begin.   
  The lower methane abundance in the stratosphere with respect to troposphere is due to 
condensation of methane occurring near surface. Clouds began to be observed consistently on 
Titan since 2001 using large Earth-based telescopes. Griffith et al. (2005) observed the clouds at 
southern mid-latitudes (41-61 S) using Cassini VIMS. Later several incidences of methane 
rainfall and appearances of clouds in the troposphere have been reported by Turtle et al., (2009), 
(2011). Griffith et al. (2006) reports the ethane clouds in the northern latitudes (51 - 68 N) that 
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extended to the pole. The north clouds were thought to be composed of ethane as a result of 
stratospheric subsidence and the particularly cool conditions near North Pole. The ethane clouds 
result into ethane precipitation, perhaps as ice, at Titan poles during winter (Griffith et al. 2006).   
1.2.1.2  Formation of ethane, acetylene and ethylene 
Ethane is thought to be the final product resulting from photo-dissociation of methane and 
nitrogen in upper atmosphere. The formation of ethane began its journey by photolysis initiated 
by solar photons in the outer layer of atmosphere. The production and destruction routes of Ions 
can be retrieved from the models (Carrasco et al., 2008, Keller et al. 1998, Vuitton er al., 2007, 
2008) and are shown in figure 1.2. During the path to the formation of ethane, we will also learn 
how acetylene and ethylene is formed by number of different schemes and altitudes.  
The formation of acetylene and ethylene is intiated in the upper atmosphere directly from the 
products of the photlysis of methane.  
3CH2 + 
3CH2  C2H2 + 2 H/H2 
3CH2 + CH3  C2H4 + H 
CH + CH4  C2H4 + H 
Phololysis of ethylene acts as the major sink of ethylene and source of acetylene in the upper 
atmosphere:  
C2H4 + hv  C2H2+ 2 H/H2 
Whereas in the lower atmosphere the main ethylene loss is reaction with atomic hydrogen, leading 
to the formation of the ethyl radical (C2H5) 
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H2 + C2H4 + M  C2H5 + M 
Where M is the concentration of the background gas. However, this reaction is not a net sink of 
ethylene, as the ethyl radical recycle back to ethylene thought:  
H + C2H5  C2H4 + H2 
The main loss of acetylene in the upper atmosphere is from reaction with methylene, which leads 
to the formation of proparyl radicals (C3H3):  
1CH2 + C2H2  C2H3 + H, 
Whereas in the lower atmosphere the main loss of acetylene is due photolysis and to addition with 
H atoms:  
H + C2H2 + M  C2H3 + M 
This reaction along with 
H + C2H3  C2H2 + H2 
Leads to the search of H atoms, as first pointed by Yung et al. (1984). In mesosphere, the chemical 
destruction of methane molecules by the methylene radicals enhances the production of methyl 
radicals:  
1CH2 + CH4  2 CH3 
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Figure 1.2: Flowchart representing the major ion reactions in Titan’s upper atmosphere as 
computed by models (Figure 3 from Vuitton et al., 2007). This plot shows the chemical pathways 
of the formation of ethane, acetylene and ethylene in the atmosphere in large quantity.  
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* Note: Above section was adapted from “Titan interior, surface, atmosphere, and space 
environment, Chapter 7, p-255-257”.  
Overall, acetylene and ethylene function as catalysts for the conversion of CH4 into CH3 at 
lower photon energies. However, not all of the acetylene and ethylene is destroyed in this process, 
since other free radicals reacts back with atomic hydrogen to form acetylene and ethylene. Because 
the peek absorption of photons by acetylene and ethylene occurs at lower atmosphere and most of 
it is reformed, these compounds condense and fall to the surface and form a solid layer. It has been 
estimated that over geological time period, a several hundred meter thick layer of acetylene may 
have formed on the surface (Cordier et al., 2009, 2013; Owen and Niemann, 2009).  
However, the above process leads to the formation of ethane, which is the most abundant 
photolysis product, produced mainly in the termolecular reaction of two methyl radiclas (Wilson 
and Atreya (2004); Lavvas et al., 2008).  
CH3 + CH3 + M  C2H6 + M 
The formation of ethane provides a sink for methane, the upward flux of which driven by 
photochemistry must be balanced by the downward fluxes of ethane, acetylene, ethylene and other 
complex hydrocarbons. The higher formation of rate of CH3 via catalytic dissociation results in 
subsequent enhancement of ethane. The loss/breaking process of ethane molecule is very limited 
in Titans atmosphere. Ethane’s rate of photolytic destruction is small and as a saturated 
hydrocarbon it presents limited reactivity with other species. The only possible way for ethane 
destruction is via chemical reaction with energetic radicals. Since, ethane acts as a stable 
constituent it can condense at the tropopause and deposit in the reservoirs at the surface. The 
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process of ethane rainfall can react with other stable constituents such as acetylene and ethylene 
and carve the changes the surface processes.  
1.2.2 Surface 
Cassini-Huygens has returned a wealth of data about Titan. Cassini’s imaging science 
subsystem (ISS), RADAR, and visual infrared mapping spectrometer (VIMS) as well as Huygens 
decent imaging spectral radiometer (DISR) have revealed an intriguing surface. All the instruments 
onboard Cassini – Huygens spacecraft have provided valuable information about Titan’s complex 
surface that has been modified by all the major geological processes seen on Earth such as, erosion 
and deposition by fluvial and Aeolian activity, tectonism, volcanism, and impact cratering (Porco 
et al. 2005, Richardson et al. 2004, Tomasko et al. 2005, Soderbolm et al. 2007). Cassini VIMS 
has obtained spectral data of Titan’s surface allowing the identification and mapping of surface 
features. Cassini RADAR mapper, is unaffected by any atmospheric contributions, has image data 
and generated the surface maps with a ground resolution of up to 300 m (Elachi et al. 2006).   
To date, several different global maps of Titan exist and focus on different geologic. 
RADAR maps focuses on the lakes and oceans, VIMS maps focuses on the surface compositions 
and ISS maps shows different geologic features (Fig. 1.3, shows the Titan map from ISS). In these 
maps, one major area of bright terrain named Xanadu, was known to be centered near the equatorial 
region at longitudes 80 - 140 W. Later, ISS observation confirmed that Titan’s equatorial region, 
apart from Xanadu, be sharply divided into bright and very dark regions on a scale of tens of 
degrees. The dark terrains seemed to have relatively linear boundaries, suggesting that the dark 
material might have been deposit by flow features initiated by surface liquids (Porco et al. 2005). 
The branching and meandering morphology of some of these dark streaks suggests channel 
systems similar to that on Earth (Lorenz et al. 2008, Jaumann et al. 2008). Branching networks  
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Figure 1.3: Map of Titan’s surface compiled from Cassini ISS instrument 0.938 m images. The 
resolution varies according to the viewing geometry. Map shows all the different geological 
features such as, oceans in the north, plain dark terrains in the equatorial regions with fluvial 
features, bright and high topographic features, and etc.  
Image Credit: Porco et al. 2005, ESA/NASA/JPL/ University of Arizona 
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suggestive of intensive precipitation events and different types of drainage system branching was 
noticed indicating the groundwater sapping due to methane (Tomasko et. al. 2005, Sodeblom et 
al. 2007). The Xanadu region with a rich history of fluvial features, as well as removal and 
deposition of sediments, dunes, and other possible surface features led to believe that this region 
was a good candidate for Huygens probe to land.  On January 14, 2005 the Huygens probe landed 
on Titan’s surface at 10.3 S, 192.3 W (Coustenis, 2006), just off a bright regions called Adiri.   
 
1.2.2.1 Huygens Landing  
 
Huygens probe was developed by European Space Agency (ESA) and was part of a joint 
mission with NASA. It was designed to analyze Titan’s atmosphere upon its descent and land on 
any type of terrain assuming the landing site could be non-solid, thus designed it to survive the 
impact, splash down on a liquid. In 2005, after few close flyby’s of Titan and puzzling views of 
the surface (Porco et al. 2005, Barnes et al. 2007, Elachi et al. 2005; page 98), Huygens was 
projected to land on Titan. The Descent Imager/Spectral Radiometer (DISR) onboard Huygens 
provided a view unlike that of a passenger flying on an airplane and revealed amazingly familiar 
surface to human eye with landscapes similar to Earth (Figure 1.1). Long coastline, dark and bright 
terrain suggesting low and highland structures, patterns such as lakes, dendritic erosion, and 
erosional remnants were observed; thus indicating fluvial processes (Tomasko et al. 2005, 
Jaumann et al. 2008, Burr et al. 2006, Soderblom et al. 2007a). 
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Figure 1.4: Panorama view taken by the DISR cameras during decent with viewing direction 
towards north. Image credit: ESA, NASA, JPL, University of Arizona. 
Panorama by: R. Pascal, February 6, 2005 
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At Huygens landing site, steep-sided valleys, small scale gullies, gravel, and rounded 
cobbles were observed by descent imager and required highly energetic liquid flow (Tomasko et 
al. 2005, Jaumann et al. 2008) (Fig. 1.4). Rounded cobbles were thought to be made of water ice 
mixed with organic materials wide spread over flat basin, which is consistent with the ground 
based spectra of Titan (Griffith et al. 2003, Collins 2005). Rounding of the cobbles and the size 
sorting with a median cobble size of ~ 5cm and no cobble larger than 15 cm suggests fluvial 
transport (Perron et al. 2006). The Huygens probe landed on soft solid surface with properties 
similar to wet clay, lightly packed snow and wet or dry sand (Zarnecki et al. 2005, Jaumann et al. 
2008). The first in situ results after landing on Titan’s surface included identification of ethane and 
tentative detection of cyanogen, benzene, carbon dioxide, and acetylene (Niemann et al. 2005, 
2010). These hydrocarbons can dissolve in methane + ethane rain and mix with a surface coating 
of hydrocarbons and nitriles to produce organic slurry that is removed from highlands (bright 
terrains) to low laying plains. Most of these compounds have been detected and confirmed on the 
surface by Cassini VIMS; benzene and cyanogen (Clark et al. 2010), water ice (Griffith et al. 2003, 
McCord et al. 2006), and carbon dioxide (McCord et al. 2008). However, acetylene that is 
predicted to be most abundant on the surface is the only compound detected by Huygens, which 
has not been observed by Cassini VIMS.  
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Figure 1.5:  Cobbles, pebbles possible made of water ice covered with organic dust and small 
grain sediments at the Huygens landing site. The size of the pebbles in the foreground is between 
10 to 15 cm. Image Credit: ESA/NASA/JPL/University of Arizona. 
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1.2.2.2 Lakes  
Images from Cassini and Huygens probe furnished evidence that liquid had carved 
channels into the surface as described above. However, no evidence of liquid on the equatorial 
region was proven and large dune like fields indicated that surface liquids might not be globally 
distributed (Lorenz et al. 2006). ISS observation of South Pole in July 2004 revealed more than 50 
lakes like features extending from tens to hundreds of kilometers (Porco et al. 2005, McEwen et 
al. 2005, Turtle et al. 2009). The dark peanut like feature in figure 1.6, with rounded boundaries 
and shorelines was named Ontario Lacus. Ontario Lacus is 235 km long lake with an area of 15,600 
Km2 (Turtle et al. 2009), with methane and ethane as main constituents (Brown et al. 2008, Luspay-
Kuit et al. 2012). Ontario Lacus is surrounded by bright, smooth margin, indicating the lake level 
change due to seasonal methane evaporation (Barnes et al. 2009) and exposing bright material 
interpreted as evaporites composed of acetylene and benzene (Moriconi et al. 2010). Later Cassini 
RADAR data shows varying shoreline morphologies with drowned river valleys, indicative of 
erosion and active material transport (Wall et al. 2010), suggesting that Ontario Lacus is active 
due to seasonal changes.  
When Cassini spacecraft pass above North Pole in July 2006, over 75 circular radar dark 
features thought to be hydrocarbon lakes were detected (Stofan et al. 2007). They were all located 
about 70 N latitude and all vary in size and shapes. Hayes et al. (2008) grouped the lakes into 
three radiometrically distinct classification: 1) dark lakes with very low radar backscatter and 
interpreted as liquid –filled basins, 2) granular lakes that seemed to partially filled with liquid and 
have microwave scattering properties indicating radiation penetrating the liquid or interacting with 
the lake floor, and 3) bright lakes that seemed to be completely dry and interpreted as viously filled 
lakebeds and have radar return that are brighter than surroundings (Fig. 1.7) 
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Figure 1.6: ISS South Pole observation showing a long 235 km long dark feature named as Ontario 
Lacus and with other possible small lakes. Red Cross represents the South Pole of Titan.  
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Figure 1.7: Cassini RADAR images of northern lakes, (top) empty and partially filled lakes (bright 
and granular unit), (bottom) filled lake (dark unit) named as Kraken Mare, one of the larges lakes 
on Titan. Image Credit: NASA/JPL/ESA/University of Arizona.  
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The empty lakes structure matches to their filled counterparts, thus the interpretation of 
evaporation of liquid is perfectly reasonable. These lakes were further divided into five distinctive 
lake morphologies: 1) lakes with circular clusters of scattered, small, irregular rims and none of 
which appear to be fed by channels 2) lake with distinctly polygonal shapes and have rough 
shorelines and associated with channels, 3) seas and largest lakes with dendritic or branching 
features, 4) and 5) display low lake density, circular and irregular lakes with a high proportion of 
unfilled lakes. The changes in the shoreline of northern lakes have been studied extensively and 
currently no detectable changes have been observed, thus representing no evaporation or seasonal 
changes as Titan’s North Pole is progressing with the spring season. The empty/bright and granular 
lakes are of particular interest to this dissertation because one of the chapters discusses the soluble 
compounds in the lakes. When most of the liquid is evaporated from the lakes, evaporates are of 
dissolved compounds in various different grain sizes. 
1.3 Science Goals and Objectives 
1.3.1 Science Goals 
The primary goal of this dissertation is to experimentally determine the infrared signature 
of interaction between liquid and solid hydrocarbons such as methane, ethane, acetylene, and 
ethylene at the surface of Titan. The main focus of this dissertation is on acetylene, because it is 
one of the compounds on Titan that is formed abundantly in the atmosphere and is also predicted 
to be most abundant on the surface forming several meters of thick solid layer (Cordier et al. 2009, 
Niemann et al., 2005, 2010). But, Cassini spacecraft yet has to prove acetylene’s existence on the 
surface. The major factor that lacks in the detection of acetylene on the surface of Titan is that we 
do not have laboratory reflectance spectral database to compare with Titan spectrum. Building a 
spectral database for the compounds that are predicted to exist on the surface of Titan and finding 
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the existence of acetylene on Titan can improve understanding of surface features. Various 
different thermodynamic and geochemical models have confirmed the presence of acetylene and 
ethylene in the lakes (Cordier et. al., 2009, Glein et al., 2013). Both acetylene and ethylene are 
thought to be major dissolved components in the lake, which leads to the need of determining the 
solubility values. Laboratory measurements on the solubility of acetylene and ethylene in liquid 
methane and ethane will provide constraints for all the existing numerical models and will help 
determining the composition of lakes on Titan. This dissertation also focuses on the infrared 
properties of methane and ethane in different phases applicable to Titan. Since, Titan’s average 
surface temperature (~90 K) is close to the triple point of methane and ethane, they can exist under 
different phases. It is important to determine any spectral changes in different phases to interpret 
the current and forthcoming Cassini VIMS observations.  
1.3.2 Objectives 
 In order to fulfill the goals set by this dissertation, the following objective and tasks are 
established: 
1. Determine the near infrared properties of solid/liquid acetylene under Titan relevant 
conditions and compare with Cassini/VIMS data.  
a. Experimentally collect near infrared spectrum of acetylene in different phases, and 
determine the positioning of absorption bands.  
b. Determine the physical changes in the reflectance and absorption bands in 
liquid/solid phase.  
c. Compare laboratory spectra to Cassini VIMS data and identify acetylene absorption 
bands in the VIMS data.  
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d. If acetylene absorption bands are identified in the VIMS data, develop global maps 
of Titan surface with acetylene abundance  
e. Explain the surface processes responsible for absence or presence of acetylene on 
Titan surface and in lakes.  
2. Determine the solubility of solid acetylene and ethylene in liquid methane and ethane at 
Titan relevant conditions.  
a. Experimentally measure the solubility values of acetylene in pure methane and pure 
ethane using near infrared techniques.  
b. Experimentally measure the solubility values of ethylene in pure methane and pure 
ethane using near infrared techniques.  
c. Establish theoretical framework to describe the experimental results.  
d. Develop numerical model to linearly un-mix the spectra to determine the solubility. 
e. Establish implications for Titan.  
3. Determine the nature and stability of methane and ethane ices. 
a. Experimentally measure the infrared properties of methane and ethane ices.  
b. Determine the sublimation rate of methane.  
c. Determine the freezing rates of methane and ethane.  
d. Establish a framework to describe the results.  
e. Implications for Titans surface. 
The work presented in this dissertation directly addresses several NASA’s science themes 
for 2015 and next decade identified in the scientific goals for exploration of the outer solar system. 
The results presented in this dissertation are consistent with Visions and Voyages for planetary 
science exploration. NASA eyes for new discoveries on the surface structure of icy moons and 
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other outer planet bodies using data from current and future mission. Results presented in chapter 
2 achieved NASA’s goal for new discoveries and identified acetylene on the surface of Titan. 
NASA addressed a few questions in the decadal survey, the main science questions starts 
with themes such as building new world, planetary habitats, and working of solar system. The 
science goals involve exploration of surface and atmosphere and to investigate changes in the 
atmosphere and surface. The Planetary habitats theme raise question “ What were the primordial 
sources of organic matter, and where does organic synthesis continue today?” Titan is very 
complex body with organic rich atmosphere and surface. Several different organic molecules are 
destroyed in the atmosphere to form several new species of hydrocarbons such as ethane, hydrogen 
cyanide, propane, butane, acetylene, and ethylene, and many other higher mass hydrocarbons and 
nitriles. However, the infrared properties of all the hydrocarbons are still poorly understood. In 
order to accurately constrain these chemical schemes, a near infrared database of different 
hydrocarbons under Titan relevant conditions are presented in this dissertation and linked to above 
question. Furthermore, the question “ Beyond Earth, are there modern habitats elsewhere in the 
solar system with necessary conditions, organic matter, water, energy, and nutrients to sustain life, 
and do organism live there now?” This is linked to this dissertation through the study of the 
solubility of acetylene and ethylene in liquid methane. Titan has stable bodies of liquid just like 
earth, but unlike water on Earth, Titan lakes are much more complex with mixture of different 
hydrocarbons. Acetylene and ethylene are abundantly produced in the atmosphere are thought to 
be highly soluble in liquid methane and ethane. The solubility of these solid hydrocarbons changes 
the chemistry of the lakes and thus can produce various different types of polar and non-polar 
compounds substantial for life within the lakes. The study presented in this dissertation helps 
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understand and put constrain on the amount of solid hydrocarbons present in the lakes and behavior 
of these mixture under Titan conditions. 
This dissertation also address questions related to NASA’s current mission Cassini-
Huygens to Saturnian system. Some of the main mission objectives were to investigate the oceans 
on the Titan and if more complex organic compounds and pre-biotic molecules exist on Titan. A 
major topic of this dissertation, the detection and solubility of acetylene is directly related to these 
objectives. Acetylene along with other hydrocarbons were thought to be consumed at the surface 
to produce methane, but the detection of acetylene on the surface of Titan open new paths to look 
into more complex chemistry at the surface. If acetylene is present on the surface, but surface 
runoff and other geologic processes acetylene can be abundantly present in the oceans as well, thus 
completely changing the composition of oceans. The solubility work described in this dissertation 
provides essential understanding to the hydrogeological cycle, specifically sought to answer the 
questions “What processes control the present day behavior of Titan?” and “ What process controls 
the chemistry of Titan lakes?”. 
 
1.4 Outline of Chapters 
The chapters detailing the research performed to meet the goals of this dissertation are 
arranged as individual manuscripts that are either published, under review, or in preparation. 
Chapter 2 describes the experimental procedure to collect solid/liquid acetylene spectrum at Titan 
relevant conditions. This chapter analyzes liquid and solid phase spectrum of acetylene and 
determine changes in absorption band positions and reflectivity. The results from this chapter 
provide a laboratory spectrum of acetylene to compare it to Cassini VIMS data, which will lead to 
the detection of acetylene on the surface of Titan. Chapter 2 is published in the journal Icarus 
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special issue on Titan. Using the results presented in chapter 2, chapter 3 describes the process of 
identification of acetylene on the surface of Titan. The results discussed in the chapter uses Cassini 
VIMS data to identify the absorption feature of acetylene in Titan spectrum. Chapter 3 is submitted 
and is currently under review in the journal Science. Chapter 4 describes the experimental 
procedure, the calculation of solubility value for solid acetylene and ethylene in liquid methane 
and ethane under Titan relevant temperatures and pressure conditions, the numerical un-mixing 
model to estimate the quantity of individual compounds and the unknown near infrared of mixtures 
of different compounds. The results are representative of Titan’s surface and liquid interactions 
that play role in carving and shaping Titan’s surface. A manuscript of the research described in 
Chapter 4 is currently in preparation for submission. Chapter 5 is focused on the infrared properties 
of methane and ethane ices under Titan relevant conditions. This chapter calculates the sublimation 
and freezing rates of methane and ethane. This chapter also further establishes the implication of 
methane and ethane ices to Titan and compares the results with recent observations made by 
Cassini VIMS. Chapter 5 is submitted and is currently under review in the journal Icarus special 
issue on Titan. The final chapter, chapter 6, provides a global views on the topics addressed in the 
dissertation, and how they relate to other works in the literature.  
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This chapter focuses on the acetylene spectrum in the near infrared range measured in the 
laboratory under Titan relevant temperature and pressure. Results discussed in this chapter explain 
the difference in the absorption bands and reflectivity of liquid to solids phase of acetylene and 
compare it with Cassini VIMS data. The analysis of acetylene in different phases at Titan 
temperature and pressure is necessary because acetylene is thought to be present on the surface of 
Titan. But, due to lack of laboratory data and it is quite challenging to identify acetylene on the 
surface and we still lack in the physical evidence of acetylene on the surface of Titan. The results 
from this chapter confirms that one of the deepest absorption band of acetylene is located within 
one of the seven atmospheric window of Cassini VIMS and thus, acetylene can be identified on 
the surface of Titan.  
I conducted a several set of experiments at the W.M. Keck laboratory at University of 
Arkansas. Dr. Thomas Cornet and Dr. Felix Wasiak performed the first experiment and were taken 
over by me afterwords. Dr. Vincent F. Chevrier advised the project and participated in the analysis 
and major funding was provided from his NASA grant. Dr. Thomas McCord and Dr. Jean-philippe 
Combe provide valuable comments and insights in analyzing the spectral data and recognizing 
several absorption bands in acetylene spectrum. Dr. Larry Roe also advised the study with valuable 
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comments and ideas on maintaining the cryogenic chamber. I performed the data analysis, 
interpreted results and worked out on the implication to Titan and possibility of acetylene detection 
with Cassini VIMS.  
 
2.1 Abstract 
Acetylene is thought to be abundant on Titan according to most photochemical models. 
While detected in the atmosphere, its likely presence at the surface still lacks physical evidence. It 
is thought that solid acetylene could be a major component of Titan’s lakes shorelines and dry 
lakebed, detected as the 5 mm-bright deposits with the Cassini/VIMS instrument. Acetylene could 
also be present under its liquid form as dissolved solids in Titan’s methane-ethane lakes, as 
emphasized by thermodynamics studies. This paper is devoted to the near-infrared spectroscopy 
study of acetylene under solid and liquid phases between 1 and 2.2 m, synthesized in a Titan 
simulation chamber that is able to reproduce extreme temperature conditions. From experiments, 
we observed a ~ 10% albedo increase between liquid acetylene at 193 K to 188 K and solid 
acetylene at 93 K. Using the NIR spectroscopy technique we successfully calculated the 
reflectivity ratio of solid/liquid acetylene as 1.13.  The second difference we observed between 
liquid and solid acetylene is a shift in the major absorption band detected at 1.54 mm, the shift of 
~ 0.01 m occurring towards higher wavelength. In order to assess the detectability of acetylene 
on Titan using the Cassini/VIMS instrument, we adapted our spectra to the VIMS spectral 
resolution. The spectral band at 1.55 m and a negative slope at 2.0 m falls in the Cassini/VIMS 
atmospheric windows over several VIMS infrared spectels, thus Cassini/VIMS should be able to 
detect acetylene.  
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2.2 Introduction 
Saturn’s major moon, Titan, possesses a heavy atmosphere mainly composed of nitrogen 
N2 (95-98 %), methane CH4 (1-5 %) and various minor species in trace, e.g. carbon monoxide CO, 
dihydrogen H2, argon 
40Ar, and ethane C2H6 [Fulchignoni et al., 2005; Niemann et al., 2005; 
Coustenis et al., 2007 ; De Kok et al., 2007; Whaite et al.,2007; Owen and Niemann, 2009; 
Niemann et al., 2010]. At Titan’s surface pressure and temperature conditions (1.46 bar, 93.7 K 
[Fulchignoni et al., 2005]), methane is close to its triple point, such as water is on Earth. Methane 
therefore probably composes the numerous polar lakes discovered by the Cassini mission [Stofan 
et al., 2007; Hayes et al., 2008]. According to most photochemical models [Lavvas et al., 2008], 
methane photodissociation in the atmosphere primarily produces ethane and propane, which would 
exist as more stable liquids due to their lower saturation vapor pressure (Fig.1). Thermodynamical 
models predict their presence in Titan’s lakes as a major component [Cordier et al., 2009; 2013; 
Glein et al., 2013; Tan et al., 2013] and has already been confirmed thanks to its detection by the 
Cassini/VIMS instrument in Ontario Lacus [Brown et al., 2008]. 
Photochemical models also predict the production of numerous other hydrocarbons and 
nitriles in the atmosphere, which would exist under their solid form at the surface [Lavvas et al., 
2008]. These compounds have been detected in Titan’s atmosphere either by in situ measurements 
performed by the Huygens/GCMS instrument [Niemann et al., 2005, 2010], or the Cassini/INMS 
and CIRS instruments [Whaite et al., 2005; Coustenis et al., 2007, De Kok et al., 2007, Coustenis 
et al., 2009; Vinatier et al.,2010]. Potential surface detections of some of these hydrocarbons in 
VIMS data have been reported by Clark et al. [2010], notably for benzene, ethane or methane.  
Acetylene is also produced in the upper atmosphere in solid form via photolysis effect of 
methane molecule, which then settles onto the surface. It has been thought that over geological 
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time, several hundred of meters of thick acetylene layer may have accumulated on Titan. 
According to most photochemical models on Titan’s atmosphere and surface interaction predicts 
acetylene to be most abundant in the atmosphere. It is predicted that acetylene is ~ 125 – 2000 
times larger than any other compound in the atmosphere such as benzene (second largest 
compound produced in the atmosphere as predicted by same photochemical models, Clark et al. 
2010). Although predicted to be among the most produced hydrocarbons in the atmosphere 
[Lavvas et al., 2008] and therefore probably one of the most abundant at the surface, acetylene 
(C2H2) has only been detected as a trace compound at the Huygens Landing Site by the 
Huygens/GCMS instrument [Niemann et al., 2010] and Clark et al. [2010] reported the absence 
of acetylene detection in VIMS data on Titan’s surface, based on the VIMS 5 µm and 2.7-2.8 µm 
atmospheric window observations. Acetylene, which is evaluated by various thermodynamical 
models to be soluble in liquid hydrocarbons under Titan surface conditions [Cordier et al., 
2008;2013 ; Glein et al., 2013 ; Tan et al., 2013], could also exist as a dissolved solid in Titan’s 
lakes and seas, i.e. implying a phase change to a “liquid-like phase”. Acetylene is thought to be 
highly soluble in both methane and ethane and if acetylene is abundant on the surface (as predicted 
by various photo chemical models) it should dissolve in methane and ethane and can be present in 
liquid form in the lakes and oceans. Now, if in future we detect acetylene in oceans it may exist in 
its liquid form.  
Given this context in which acetylene could be present on Titan’s surface under possibly 
different forms, we present the infrared spectra of liquid and solid acetylene acquired between 1 
and 2.2 µm under Titan’s surface relevant conditions (90 K, 1.5 bar of N2), thus completing the 
portion of the acetylene spectrum shown for the 5 mm window in Clark et al. [2010]. The measures 
are realized using the Titan Module [Wasiak et al., 2012], primarily designed to study the stability  
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Figure 2.1: Phase diagram of methane (CH4), ethane (C2H6), propane (C3H8), acetylene (C2H2) 
and acetone (C3H6O). Tm represents the melting temperature at melting point. The vapor pressure 
data comes from the CHERIC database. 
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of liquid methane and ethane under Titan simulated conditions [Luspay-Kuti et al., 2012]. Since 
the spectrum acquired covers 4 of the VIMS atmospheric windows in which Titan’s surface can 
be seen [Sotin et al., 2005] and that has not been yet investigated [Clark et al., 2010], we also aim 
at constraining the detectability of acetylene on Titan at the Cassini/VIMS instrument spectral 
resolution. 
 
2.3 Experimental setup 
To perform these measurements, we use the Titan Module developed at the University of 
Arkansas [Wasiak et al., 2013; Luspay-Kuti et al., 2012, Singh et. al. 2014]. The detailed 
description of the chamber setup is given in Wasiak et al. [2012]. The Titan module is composed 
of three main parts: a condenser, a Temperature Control Box (TCB) and a data acquisition unit. 
The TCB and the condenser are surrounded by cooling coils in which liquid nitrogen is flowing to 
reach Titan temperatures. The condenser is located inside the module and is cooled to reach 
condensation temperatures of the gas samples introduced in the system. The samples are then 
collected into a Petri dish of 15 cm in diameter through a solenoid valve controlled manually, 
located right beneath the condenser. Thermocouples are scattered in several parts of the chamber 
in order to record and control the temperature in different locations inside of the TCB and of the 
condenser. 
The Titan Module is equipped with several measurement systems. The primary agenda for 
the chamber is to perform various thermodynamic measurements on Titan hydrocarbons, including 
evaporation measurements [Luspay-Kuti et al., 2012]. It is thus equipped with a balance, located 
right above the Titan Module, continuously monitoring the mass of the samples during the 
experiment. It is also equipped with a fiber optics operating from 1.0 to 2.4 µm, connected to a 
Nicolet FTIR 6700 Smart Diffuse spectrometer (with a spectral resolution of 4 cm-1), which allows 
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to measure infrared diffuse reflectance spectra of the samples under Titan simulated conditions. 
The fiber optics is located vertically right above the Petri dish, which contains a piece of © 
Spectralon ® material inside for reference. The light ray sent to the sample pan is directional and 
vertical as the fiber probe is right above the sample pan. We measure the light returned to the FTIR 
with the same fiber probe that implies bidirectional, with the very special specular configuration 
where i = e = g= 0. A camera is located inside of the TCB to provide real-time observation into 
the chamber. Before each experiment, the chamber is purged by N2 gas during several minutes in 
order to get Titan’s atmospheric main composition and build the pressure up to 1.5 bar. The N2 
flow is then regulated during the experiment to keep a constant pressure inside the chamber. 
 
2.4 Infrared spectrum of acetylene 
2.4.1 Background in acetylene infrared spectroscopy 
The first acetylene infrared spectroscopy has been performed by Bell and Nielsen [1950] 
and Allen et al. [1956], who noticed the presence of several absorption bands in the spectra at 3 
and 7.5 µm. The main absorption band regions in the infrared spectrum of acetylene, located at 3, 
5, 7.5 and 13.6 µm [Hirabayashi and Hirahara, 2002; Khanna, 2005; Wang et al, 2009], have 
been reported in the work of Jacquemart et al. [2003] in order to be incorporated in the HITRAN 
(High resolution Transmission) database.  In order to address the acetylene behavior in the 
infrared, Curchin et al. [2008] showed a continuous infrared spectrum in reflectance of a cryogenic 
acetylene powder acquired between 0.35 and 15.5 µm at 80 K. This spectrum seems to display 
numerous absorption features in the VIMS wavelengths range between 0.9 and 5.1 µm. Clark et 
al. [2010] also showed portions of the infrared reflectance spectrum of acetylene (mixed with 
carbon black), acquired at 90 K, at wavelengths covering the left hand of the VIMS 5 µm 
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atmospheric window. These portions display weak absorption features located around 4.85 and 
4.93 µm. Unfortunately the VIMS 5 mm window is the noisiest atmospheric window due to the 
incoming low solar flux (about a factor of 15 lower as compared to the 2 mm window, a factor of 
5 as compared to the 1.5 mm window [Sotin et al., 2012]), and its left hand is the most affected by 
absorption effects of CO, which renders possible detections more difficult [Clark et al., 2010].  
2.4.2 Measurement of acetylene infrared spectra between 1.0 and 2.2 µm 
During our experiment, we used an industrial acetylene from Airgas mixed with 5 % of 
acetone for safety storage purpose. We first purged the experimental chamber with N2 and cooled 
the TCB and the condenser to 190 K, in order to pour a liquid sample of acetylene into our sample 
pan (Fig. 2). Figure 3 shows an image acquired by the digital camera of the 4 grams of acetylene 
slurry we poured into the Petri dish during the experiment. After the pour we increased the 
temperatures up to 195 K to get rid of the solid grains in the sample and collect the liquid spectra. 
Then we decreased the temperatures to about 90 K to obtain solid acetylene spectra. We acquired 
infrared spectra of acetylene between 1.0 and 2.6 µm, but then reduced the interval to between 1.0 
and 2.2 µm due to an increasing noise towards 2.6 µm. Numerous absorption bands can be seen in 
the spectra (Table 1 and Fig. 4a). Among all these bands, the two most relevant for Titan and the 
Cassini/VIMS are a strong 1.54µm absorption band and a negative slope at 2.0 m.  
However, acetylene only does not cause all the absorption bands detected in the spectra. 
Indeed, the acetylene gas is mixed with 5 % of acetone. Since the gas is introduced inside the 
condenser at condensation temperature of acetylene, acetone also condenses under liquid form 
(Fig. 4a). The resulting slush in the Petri dish is thus a mixture of 95 % acetylene and 5 % acetone.  
To overcome this drawback, we acquired infrared spectrum of acetone at the LPG Nantes at the 
same temperature as the mixture spectrum in order to identify and isolate acetone absorption bands.  
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Figure 2.2: Temperature vs. Time profile of acetylene experiment clearly showing liquid and solid 
range.  
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Figure 2.3: Experiment summary Image of acetylene ice poured into the sample pan through the 
solenoid valve. Acetylene spectra have been acquired under Titan surface conditions (1.5 bar of 
N2 and 90 K). 
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The acetone spectrum, shown in Figure 4a, has been acquired with a FTIR 5700 Thermo-
Nicolet spectrometer, working between 1 to 5 µm and having a spectral resolution of 4 cm-1. We 
thus further reduced the interval of wavelength used in this study by taking into account only 
wavelengths comprised between 1.0 and 2.22 µm, in order to ensure a pure acetylene potential 
detection in VIMS data (Fig. 4b). 
We therefore identified numerous absorption bands due to acetone in the mixture spectra 
in the 1.6 – 1.8 µm and 2.1 – 2.3 µm ranges (Table. 1). Fortunately, the strongest absorption band 
recorded by the FTIR at 1.54 µm is apparently associated with the presence of acetylene, since it 
is not present at all in the pure acetone spectrum and therefore can be used to detect acetylene on 
Titan. A negative slope seen between 2 and 2.11 µm and two narrow absorption bands within the 
slope could also be used since they lie directly within two VIMS atmospheric windows for which 
the Signal-to-Noise Ratio is high. This gives a nice opportunity for future surface composition 
mapping with VIMS. 
2.4.3 Difference in spectra between the two phases 
After the liquid pour the temperature was decreased down to 90 K, continuous spectra were 
taken. The reflectance spectra of liquid and solid acetylene are shown in Fig. 4. As the acetylene 
phase changed from liquid to solid at 155 K we observed three major changes. First, the albedo 
variation, the average reflectivity of liquid acetylene is ~ 85 % whereas the reflectivity of solid 
acetylene is ~ 98%.  This results in a reflectivity ratio (Rsolid/Rliquid) of 1.13.  It is important to know 
that the difference as phase changes, solid acetylene is 13% more reflective than liquid acetylene. 
Titan lakes are much darker than 13% but we have to keep in mind that acetylene is very minor 
compound in the lakes and considering the amount of methane and ethane in the lakes, 13% change 
in reflectivity can still be noticeable if there is pure acetylene. This ratio could potentially explain  
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Figure 2.4: A) Comparison between acetylene (liquid and solid) - acetone mixture spectrum 
acquired at 190 K and under Titan surface conditions and a pure acetone spectrum acquired under 
similar conditions (92 K, but at atmospheric pressure). Dashed line represents the acetone 
absorption bands present in the acetylene spectra. Shaded regions are the VIMS atmospheric 
windows. B) Comparison between the acetylene (liquid in black and solid in red) spectra collected 
in the lab and at VIMS spectral resolution. Two major VIMS atmospheric windows where 
acetylene can be detected on Titan’s surface (1.5 and 2 mm) are shaded grey.  
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Liquid acetylene @ 190 K (µm) Solid acetylene @ 92 K (µm) Acetone at 92 K (µm) 
1.054 1.058 1.356 
1.186 1.194 1.381 
1.355 1.36 1.677 
1.392 1.4 1.693 
1.52 1.416 1.73 
1.544 1.489 1.779 
1.938 1.506 1.844 
1.994 1.527 1.973 
2.029 1.539 2.125 
 1.553 2.139 
 1.569 2.162 
 1.583 2.196 
 1.862  
 1.895  
 1.93  
 1.946  
 2.001  
 2.037  
 2.206  
 1.98-2.134 (negative slope)  
 
 
Table. 2.1: Position of the absorption bands of liquid and solid acetylene and acetone with ±0.0004 
µm of error. 
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why Titan’s lakes, supposed to bear dissolved materials such as acetylene, remain dark at all 
wavelengths while the evaporite-like deposits (in shorelines and dry lakebeds), also named 5 mm-
bright deposits and recently mapped all over Titan using the VIMS data [MacKenzie et al., 2014], 
appear bright at all wavelengths where VIMS can detect the surface. The second major difference 
is the increase in the depth of the absorption bands in the solid phase. This effect is probably due 
to the grain size as more light is being scattered (volumetric scattering) and reflected off the surface 
of acetylene (fine grained) ice rather than absorbed by the liquid. The third difference we noticed 
is a shift in some of the major absorption bands of ~ 0.01 µm, which corresponds to one spectel in 
VIMS resolution (e.g., shift from band # 137 to # 138), towards longer wavelength (Fig. 4b).  The 
comparison between the absorption bands of liquid and solid acetylene is shown in Table 1. The 
shift in absorption bands is explained by the bending frequency of the acetylene molecule, which 
is increased in the ice phase. 
2.5 Detectability of acetylene with the Cassini/VIMS instrument 
The Visual and Infrared Mapping Spectrometer (VIMS) is a hyperspectral camera located 
onboard the Cassini’s spacecraft [Brown et al., 2004]. It works using two separate detectors. One 
VIMS-VIS detector operates in the visible range of the electromagnetic spectrum, from 0.35 to 
1.07 µm, with a spectral resolution of 7.3 nm. The VIMS-IR detector operates in the infrared range 
of the electromagnetic spectrum, from 0.9 to 5.1 µm, with a spectral resolution of 16.6 nm.   
Mainly, due to the presence of methane in the atmosphere, the light coming from the Sun is heavily 
absorbed at these infrared wavelengths [Clark et al., 2010]. VIMS spectra of Titan thus consist in 
“atmospheric windows” in which Titan’s surface can be seen [Sotin et al., 2005; Vixie et al. 2012]. 
These atmospheric windows are centered at 0.637, 0.681, 0.754, 0.827, 0.937, and 1.046 for the 
visible detector [Vixie et al. 2012] and at 0.93, 1.08, 1.27, 1.59, 2.01, 2.7-2.8 and 5 µm for the 
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infrared detector [Sotin et al., 2005]. Titan’s atmosphere also produces aerosols that blur images 
of the surface due to atmospheric scattering. The scattering effect of the aerosols increases as the 
wavelength decreases, which makes it negligible at 5 µm but strong in the visible and near-infrared 
wavelengths shorter than 3 µm [Rodriguez et al., 2006].  
For this study we focus only on the infrared detector. We re-sampled our laboratory spectra 
to the Cassini/VIMS resolution to estimate if acetylene bands are deep and large enough to be 
detected at VIMS resolution (Fig. 4b). Re-sampled lab spectra was then compared to VIMS Titan 
spectra, a feature in the shoulder of 1.6 µm window, which is present in nearly all Titan spectra 
matches with the absorption feature of acetylene seen in our lab spectra (Fig. 5). We can see that 
the acetylene absorption band at 1.54-1.55 µm and a negative slope with few absorption bands at 
2.0 µm are very strong and can be used to detect acetylene on Titan, either at the surface or in the 
low altitude clouds, present in the surface images. “With the absorption bands of acetylene 
discussed in the study, acetylene can also be detected at much higher altitudes as well in the 1.4 
and 1.8-1.9mm, provided that the methane absorption is minimum at these regions. At these 
wavelengths and altitude, methane absorption is weak enough to keep the acetylene absorption 
features and thus detectable with VIMS data at much higher altitudes.” 
Several sharp absorption bands are located in the 1.2 – 1.4 µm and 1.85 – 2 mm ranges in 
some acetylene spectra. These wavelengths lie beyond the atmospheric windows and will not allow 
any surface composition identification. By comparing our saturation profile of acetylene with the 
pressure/temperature profiles acquired at 12o S by the Huygens/HASI (Fulchignoni et al., 2005) 
and retrieved at 80oN using Cassini/CIRS (Vinatier et al., 2010), we can determine at which 
altitude solid acetylene could form in Titan’s atmosphere. This comparison is illustrated on Figure 
6 and leads to condensation altitudes comprised between 85 and 137 km.  Le Mouélic et al. (2012a) 
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Figure 2.5: Comparison between resampled acetylene lab spectra to VIMS resolution and Titan 
spectrum (VIMS cube: CM_1521405896). A notch in VIMS spectrum at 1.55 mm may be 
indication of acetylene on Titan. 
VIMS Titan spectrum 
Resample Lab Spectrum  
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determined that the North Polar Vortex present on Titan during the Prime mission (2004-2008) 
formed between 30 and 65 km of altitude. Therefore, theoretically, solid acetylene particles could 
compose part of the high altitude clouds and could be identified using these absorption band 
regions. 
We suggest that acetylene can be present on Titan in both phases, liquid in the lakes and 
solid on the shorelines and elsewhere at the surface. We have seen that there is significant shift in 
wavelength from one phase to another in the laboratory spectra, leading to a displacement of the 
main acetylene absorption band from 1.54 to 1.55 mm. However, this can easily be overseen and 
ignored in attempt to characterize liquid/dissolved acetylene with VIMS. As discussed above at 
wavelengths lower than 3 mm, the scattering effects of the aerosols increase sharply. A significant 
and accurate atmospheric correction to compensate the scattering effects of the aerosols and the 
remaining absorbing effects of methane gas within the atmospheric windows is needed to perform 
detections. Such atmospheric corrections are unfortunately still under investigation, though 
promising results have already been published on the basis of empirical methods [Le Mouélic et 
al., 2012] and radiative transfer codes [Hirtzig et al., 2013; Solomonidou et al., 2014]. A recent 
study by Hayne et al., 2014 supports our argument of extensive atmospheric correction to detect 
any surface feature at higher wavelength such as interpretation of the 2.8/2.7 mm ratio.  
 
2.6  Conclusion  
Using the Titan Module developed at the University of Arkansas, we performed the 
acquisition of spectroscopic data of acetylene, one of the most relevant Titan materials, heavily 
produced in the atmosphere. These data have been acquired between 1.0 and 2.2 µm, under Titan’s 
simulated conditions, using a FTIR connected to the experimental chamber.
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Figure 2.6: Condensation of acetylene at two different altitudes on Titan. The Huygens/HASI 
profile is that of Fulchignoni et al. (2005) and the Cassini CIRS data are those of Vinatier et al. 
(2010). The vapor pressure data for acetylene comes from the CHERIC database
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Previous work aiming to detecting acetylene on Titan’s surface reported the infrared 
spectrum of acetylene in the 5 µm VIMS atmospheric windows [Clark et al., 2010], since this 
window is almost free of the aerosols scattering effects [Rodriguez et al., 2006]. However, in a 
context where various atmospheric corrections designed to retrieve Titan’s surface albedo are 
being developed and improved [Le Mouélic et al., 2012; Hirtzig et al., 2013], we thus completed 
the spectral range investigated by the past and showed that two of the strong acetylene absorption 
bands are located in two of the few VIMS atmospheric windows, where Titan’s surface can be 
seen with a good Signal-to-Noise Ratio (SNR). A few other bands are located beyond the 
atmospheric windows. These could be used for acetylene detections in high altitude clouds if the 
methane absorption does not mask the acetylene absorption. Since acetylene can be present on 
Titan in both liquid and solid phase, we also highlighted the major differences in their spectral 
behavior. An albedo change upon phase change, a shift in absorption bands to longer wavelength 
and an increase in band depth have been reported. This phase change emphasized in the laboratory 
data, as well as the small absorptions features seen in the 2 mm window, will be likely detectable 
for infrared spectrometers with better spectral resolutions that will equip the future Titan mission 
or observations. Future work will use the spectral characteristics referred in this work, combined 
with the relevant atmospheric and photometric corrections of VIMS data to detect acetylene on 
Titan’s surface.  
 
References 
 
Allen, H.C., Tidwell, E.D., Plyler, E.K., 1956. Infrared spectrum of acetylene. Journal of Research 
of the National Bureau of Standards 57, 213. doi:10.6028/jres.057.025 
 
Bell, E.E., Nielsen, H.H., 1950. The Infra‐Red Spectrum of Acetylene. The Journal of Chemical 
Physics 18, 1382–1394. doi:http://dx.doi.org/10.1063/1.1747483 
 
50 
 
Brown, R.H., Baines, K.H., Bellucci, G., Bibring, J.-P., Buratti, B.J., Capaccioni, F., Cerroni, P., 
Clark, R.N., Coradini, A., Cruikshank, D.P., others, 2004. The Cassini visual and infrared 
mapping spectrometer (VIMS) investigation, in: The Cassini-Huygens Mission. Springer, pp. 
111–168. 
 
Brown, R.H., Soderblom, L.A., Soderblom, J.M., Clark, R.N., Jaumann, R., Barnes, J.W., Sotin, 
C., Buratti, B., Baines, K.H., Nicholson, P.D., 2008. The identification of liquid ethane in 
Titan’s Ontario Lacus. Nature 454, 607–610. doi:10.1038/nature07100 
 
Clark, R.N., Curchin, J.M., Barnes, J.W., Jaumann, R., Soderblom, L., Cruikshank, D.P., Brown, 
R.H., Rodriguez, S., Lunine, J., Stephan, K., Hoefen, T.M., Le Mouélic, S., Sotin, C., Baines, 
K.H., Buratti, B.J., Nicholson, P.D., 2010. Detection and mapping of hydrocarbon deposits 
on Titan. Journal of Geophysical Research: Planets 115, n/a–n/a. doi:10.1029/2009JE003369 
 
Cordier, D., Barnes, J.W., Ferreira, A.G., 2013. On the chemical composition of Titan’s dry 
lakebed evaporites. Icarus 226, 1431–1437. 
 
Cordier, D., Mousis, O., Lunine, J.I., Lavvas, P., Vuitton, V., 2009. An estimate of the chemical 
composition of Titan’s lakes. The Astrophysical Journal Letters 707, L128. 
 
Coustenis, A., Achterberg, R.K., Conrath, B.J., Jennings, D.E., Marten, A., Gautier, D., Nixon, 
C.A., Flasar, F.M., Teanby, N.A., Bézard, B., Samuelson, R.E., Carlson, R.C., Lellouch, E., 
Bjoraker, G.L., Romani, P.N., Taylor, F.W., Irwin, P.G.J., Fouchet, T., Hubert, A., Orton, 
G.S., Kunde, V.G., Vinatier, S., Mondellini, J., Abbas, M.M., Courtin, R., 2007. The 
composition of Titan’s stratosphere from Cassini/CIRS mid-infrared spectra. Icarus 189, 35–
62. doi:10.1016/j.icarus.2006.12.022 
 
Coustenis, A., Hirtzig, M., 2009. Cassini–Huygens results on Titan’s surface. Research in 
Astronomy and Astrophysics 9, 249. 
 
Curchin, J. M, R. N. Clark,C. Shaffer, R. J. McMahon, and T. M. Hoefen (2008), Cryogenic 
Infrared Reflectance Spectroscopy of Acetylene and Cyanoacetylene.  Science of Solar 
System Ices, Abstract 9074 
 
Dekok, R., Irwin, P., Teanby, N., Nixon, C., Jennings, D., Fletcher, L., Howett, C., Calcutt, S., 
Bowles, N., Flasar, F., 2007. Characteristics of Titan’s stratospheric aerosols and condensate 
clouds from Cassini CIRS far-infrared spectra. Icarus 191, 223–235. 
doi:10.1016/j.icarus.2007.04.003 
 
Fulchignoni, M., Ferri, F., Angrilli, F., Ball, A.J., Bar-Nun, A., Barucci, M.A., Bettanini, C., 
Bianchini, G., Borucki, W., Colombatti, G., Coradini, M., Coustenis, A., Debei, S., Falkner, 
P., Fanti, G., Flamini, E., Gaborit, V., Grard, R., Hamelin, M., Harri, A.M., Hathi, B., Jernej, 
I., Leese, M.R., Lehto, A., Lion Stoppato, P.F., López-Moreno, J.J., Mäkinen, T., McDonnell, 
J.A.M., McKay, C.P., Molina-Cuberos, G., Neubauer, F.M., Pirronello, V., Rodrigo, R., 
Saggin, B., Schwingenschuh, K., Seiff, A., Simões, F., Svedhem, H., Tokano, T., Towner, 
51 
 
M.C., Trautner, R., Withers, P., Zarnecki, J.C., 2005. In situ measurements of the physical 
characteristics of Titan’s environment. Nature 438, 785–791. doi:10.1038/nature04314 
 
Glein, C.R., Shock, E.L., 2013. A geochemical model of non-ideal solutions in the methane–
ethane–propane–nitrogen–acetylene system on Titan. Geochimica et Cosmochimica Acta 
115, 217–240. doi:10.1016/j.gca.2013.03.030 
 
Hayes, A., Aharonson, O., Callahan, P., Elachi, C., Gim, Y., Kirk, R., Lewis, K., Lopes, R., Lorenz, 
R., Lunine, J., Mitchell, K., Mitri, G., Stofan, E., Wall, S., 2008. Hydrocarbon lakes on Titan: 
Distribution and interaction with a porous regolith. Geophysical Research Letters 35. 
doi:10.1029/2008GL033409 
 
Hayne, P.O., McCord, T.B., Sotin, C., 2014. Titan’s surface composition and atmospheric 
transmission with solar occultation measurements by Cassini {VIMS}. Icarus 243, 158 – 172. 
doi:http://dx.doi.org/10.1016/j.icarus.2014.08.045 
 
Hirabayashi, S., Hirahara, Y., 2002. Step-scan Fourier transform infrared absorption spectroscopy 
of acetylene monomer and solid in a supersonic free jet. Chemical Physics Letters 361, 265 – 
270. doi:http://dx.doi.org/10.1016/S0009-2614(02)00930-2 
 
Hirtzig, M., Bézard, B., Lellouch, E., Coustenis, A., de Bergh, C., Drossart, P., Campargue, A., 
Boudon, V., Tyuterev, V., Rannou, P., Cours, T., Kassi, S., Nikitin, A., Mondelain, D., 
Rodriguez, S., Le Mouélic, S., 2013. Titan’s surface and atmosphere from Cassini/VIMS data 
with updated methane opacity. Icarus 226, 470–486. doi:10.1016/j.icarus.2013.05.033 
 
Jacquemart, D., Mandin, J.-Y., Dana, V., Claveau, C., Vander Auwera, J., Herman, M., Rothman, 
L.S., Régalia-Jarlot, L., Barbe, A., 2003. The IR acetylene spectrum in HITRAN: update and 
new results. Journal of Quantitative Spectroscopy and Radiative Transfer 82, 363–382. 
doi:10.1016/S0022-4073(03)00163-8 
 
Khanna, R.K., 2005. Condensed species in Titan’s stratosphere: Confirmation of crystalline 
cyanoacetylene (HC3N) and evidence for crystalline acetylene (C2H2) on Titan. Icarus 178, 
165–170. doi:10.1016/j.icarus.2005.03.011 
 
Lavvas, P.P., Coustenis, A., Vardavas, I.M., 2008. Coupling photochemistry with haze formation 
in Titan’s atmosphere, Part II: Results and validation with Cassini/Huygens data. Planetary 
and Space Science 56, 67 – 99. doi:http://dx.doi.org/10.1016/j.pss.2007.05.027 
 
Le Mouélic, S., Cornet, T., Rodriguez, S., Sotin, C., Barnes, J.W., Baines, K.H., Brown, R.H., 
Lefèvre, A., Buratti, B.J., Clark, R.N., Nicholson, P.D., 2012. Global mapping of Titan′s 
surface using an empirical processing method for the atmospheric and photometric correction 
of Cassini/VIMS images. Planetary and Space Science 73, 178–190. 
doi:10.1016/j.pss.2012.09.008 
 
Le Mouélic, S., Paillou, P., Janssen, M.A., Barnes, J.W., Rodriguez, S., Sotin, C., Brown, R.H., 
Baines, K.H., Buratti, B.J., Clark, R.N., Crapeau, M., Encrenaz, P.J., Jaumann, R., Geudtner, 
52 
 
D., Paganelli, F., Soderblom, L., Tobie, G., Wall, S., 2008. Mapping and interpretation of 
Sinlap crater on Titan using Cassini VIMS and RADAR data. Journal of Geophysical 
Research 113. doi:10.1029/2007JE002965 
Le Mouelic, S., Rannou, P., Rodriguez, S., Sotin, C., Griffith, C.A., Le Corre, L., Barnes, J.W., 
Brown, R.H., Baines, K.H., Buratti, B.J., others, 2012. Dissipation of Titan’s north polar cloud 
at northern spring equinox. Planetary and Space Science 60, 86–92. 
 
Luspay-Kuti, A., Chevrier, V.F., Wasiak, F.C., Roe, L.A., Welivitiya, W.D.D.P., Cornet, T., Singh, 
S., Rivera-Valentin, E.G., 2012. Experimental simulations of CH 4 evaporation on Titan: CH 
4 EVAPORATION ON TITIAN. Geophysical Research Letters 39, n/a–n/a. 
doi:10.1029/2012GL054003 
 
MacKenzie, S.M., Barnes, J.W., Sotin, C., Soderblom, J.M., Le Mouélic, S., Rodriguez, S., Baines, 
K.H., Buratti, B.J., Clark, R.N., Nicholson, P.D., McCord, T.B., 2014. Evidence of Titan’s 
climate history from evaporite distribution. Icarus 243, 191–207. 
doi:10.1016/j.icarus.2014.08.022 
 
Niemann, H.B., Atreya, S.K., Bauer, S.J., Carignan, G.R., Demick, J.E., Frost, R.L., Gautier, D., 
Haberman, J.A., Harpold, D.N., Hunten, D.M., Israel, G., Lunine, J.I., Kasprzak, W.T., Owen, 
T.C., Paulkovich, M., Raulin, F., Raaen, E., Way, S.H., 2005. The abundances of constituents 
of Titan’s atmosphere from the GCMS instrument on the Huygens probe. Nature 438, 779–
784. doi:10.1038/nature04122 
 
Niemann, H.B., Atreya, S.K., Demick, J.E., Gautier, D., Haberman, J.A., Harpold, D.N., Kasprzak, 
W.T., Lunine, J.I., Owen, T.C., Raulin, F., 2010. Composition of Titan’s lower atmosphere 
and simple surface volatiles as measured by the Cassini-Huygens probe gas chromatograph 
mass spectrometer experiment. Journal of Geophysical Research: Planets 115, n/a–n/a. 
doi:10.1029/2010JE003659 
 
Owen, T., Niemann, H.., 2009. The origin of Titan’s atmosphere: some recent advances. 
Philosophical Transactions of the Royal Society A: Mathematical, Physical and Engineering 
Sciences 367, 607–615. doi:10.1098/rsta.2008.0247 
 
Rodriguez, S., Le Mouélic, S., Sotin, C., Clénet, H., Clark, R.N., Buratti, B., Brown, R.H., McCord, 
T.B., Nicholson, P.D., Baines, K.H., 2006. Cassini/VIMS hyperspectral observations of the 
HUYGENS landing site on Titan. Planetary and Space Science 54, 1510–1523. 
doi:10.1016/j.pss.2006.06.016 
 
Singh, S. V. F. Chevrier, A. Wagner, M. Leitner, M. Gainor, L. Roe, T. Cornet and J. Combe 
  (2014), Solubility of Acetylene in Liquid Hydrocarbons Under Titan Surface Conditions. 
  Lunar and Planetary Sci. Conf. 45, Abstract 2850 
 
Solomonidou, A., Bampasidis, G., Hirtzig, M., Coustenis, A., Kyriakopoulos, K., St. Seymour, K., 
Bratsolis, E., Moussas, X., 2013. Morphotectonic features on Titan and their possible origin. 
Planetary and Space Science 77, 104–117. doi:10.1016/j.pss.2012.05.003 
 
53 
 
Sotin, C., Jaumann, R., Buratti, B.J., Brown, R.H., Clark, R.N., Soderblom, L.A., Baines, K.H., 
Bellucci, G., Bibring, J.-P., Capaccioni, F., Cerroni, P., Combes, M., Coradini, A., 
Cruikshank, D.P., Drossart, P., Formisano, V., Langevin, Y., Matson, D.L., McCord, T.B., 
Nelson, R.M., Nicholson, P.D., Sicardy, B., LeMouelic, S., Rodriguez, S., Stephan, K., 
Scholz, C.K., 2005. Release of volatiles from a possible cryovolcano from near-infrared 
imaging of Titan. Nature 435, 786–789. doi:10.1038/nature03596 
 
Stofan, E.R., Elachi, C., Lunine, J.I., Lorenz, R.D., Stiles, B., Mitchell, K.L., Ostro, S., Soderblom, 
L., Wood, C., Zebker, H., Wall, S., Janssen, M., Kirk, R., Lopes, R., Paganelli, F., Radebaugh, 
J., Wye, L., Anderson, Y., Allison, M., Boehmer, R., Callahan, P., Encrenaz, P., Flamini, E., 
Francescetti, G., Gim, Y., Hamilton, G., Hensley, S., Johnson, W.T.K., Kelleher, K., 
Muhleman, D., Paillou, P., Picardi, G., Posa, F., Roth, L., Seu, R., Shaffer, S., Vetrella, S., 
West, R., 2007. The lakes of Titan. Nature 445, 61–64. doi:10.1038/nature05438 
 
Tan, S.P., Kargel, J.S., Marion, G.M., 2013. Titan’s atmosphere and surface liquid: New 
calculation using Statistical Associating Fluid Theory. Icarus 222, 53–72. 
doi:10.1016/j.icarus.2012.10.032 
 
Vinatier, S., Bézard, B., Kok, R. de, Anderson, C.M., Samuelson, R.E., Nixon, C.A., Mamoutkine, 
A., Carlson, R.C., Jennings, D.E., Guandique, E.A., Bjoraker, G.L., Flasar, F.M., Kunde, 
V.G., 2010. Analysis of Cassini/CIRS limb spectra of Titan acquired during the nominal 
mission II: Aerosol extinction profiles in the 600–1420&#xa0;cm−1 spectral range. Icarus 
210, 852 – 866. doi:http://dx.doi.org/10.1016/j.icarus.2010.06.024 
 
Vixie, G., Barnes, J.W., Bow, J., Le Mouélic, S., Rodriguez, S., Brown, R.H., Cerroni, P., Tosi, F., 
Buratti, B., Sotin, C., Filacchione, G., Capaccioni, F., Coradini, A., 2012. Mapping Titan’s 
surface features within the visible spectrum via Cassini VIMS. Planetary and Space Science 
60, 52–61. doi:10.1016/j.pss.2011.03.021 
 
Waite, J.H., Young, D.T., Cravens, T.E., Coates, A.J., Crary, F.J., Magee, B., Westlake, J., 2007. 
The Process of Tholin Formation in Titan’s Upper Atmosphere. Science 316, 870–875. 
doi:10.1126/science.1139727 
 
Wang, C.C., Zielke, P., Sigurbjörnsson, O.F., Viteri, C.R., Signorell, R., 2009. Infrared Spectra of 
C 2 H 6 , C 2 H 4 , C 2 H 2 , and CO 2 Aerosols Potentially Formed in Titan’s Atmosphere †. 
The Journal of Physical Chemistry A 113, 11129–11137. doi:10.1021/jp904106e 
 
Wasiak, F.C., Luspay-Kuti, A., Welivitiya, W.D.D.P., Roe, L.A., Chevrier, V.F., Blackburn, D.G., 
Cornet, T., 2013. A facility for simulating Titan’s environment. Advances in Space Research 
51, 1213–1220. doi:10.1016/j.asr.2012.10.020 
 
  
54 
 
3 IDENTIFICATION OF ACETYLENE ON TITAN’S SURFACE  
 
Sandeep Singha,b,*, Thomas B. McCordb, S. Rodriguezc, Jean-Philippe Combeb, T. Cornetd, S. Le 
Mouelice, L. Maltagliatic, Vincent F. Chevriera 
aArkansas Center for Space and Planetary Science, University of Arkansas, Fayetteville, AR, 
72701  
bThe Bear Fight Institute, Box 667, Winthrop WA 98862 
c Laboratoire Astrophysique, Instrumentation et Modélisation (AIM), 
CNRS-UMR 7158, Université Paris-Diderot, CEA-SACLAY, 91191 Gif sur Yvette, France 
d European Space Agency (ESA), European Space Astronomy Centre (ESAC), PO BOX 78, 
28691 Villanueva de la Cañada (Madrid), Spain 
e LPG Nantes, Université de Nantes, UMR 6112 CNRS, 2 rue de la Houssinière BP92208,      
Nantes Cedex 3, France 
 
3.1 Abstract 
Titan’s atmosphere is opaque in the near infrared due to gaseous absorptions, mainly by 
methane, and scattering by aerosols, except in a few “transparency windows” (e.g., Sotin et al., 
2005). Thus, the composition of Titan surface remains difficult to access from space and is still 
poorly constrained. Photochemical models suggest that most of the organic compounds formed in 
the atmosphere are heavy enough to condense and build up at the surface in liquid and solid states 
over geological timescale. Here we report evidence of solid acetylene (C2H2) on Titan’s surface 
using Cassini Visual and Infrared Mapping Spectrometer (VIMS) data. C2H2 should be one of the 
most abundant organic molecules in the atmosphere according to chemistry models. By comparing 
VIMS observations and laboratory measurements of solid and liquid C2H2, we identify a specific 
absorption at 1.55 µm that is widespread over Titan but is particularly strong in the brightest 
terrains. This surface variability suggests that C2H2 is mobilized by surface process, such as surface 
weathering, topography, and dissolution/evaporation. 
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3.2 Introduction 
 Saturn’s moon Titan possesses a thick atmosphere that is mainly composed of N2 (98%), 
CH4 (2 % overall, but 4.9% close to the surface) and less than 1% of minor species, mostly 
hydrocarbons (Niemann et al., 2005). According to photochemical models, the dissociation of N2 
and CH4 forms a plethora of complex hydrocarbons and nitriles in the atmosphere. In particular, 
models predict a net creation of C2H2 approximately 125-2000 times larger than for any other 
hydrocarbon and nitriles produced in the atmosphere. Also ethane is predicted (Clark et al. 2010, 
Wilson and Atreya, 2004), which is confirmed by the observations (CIRS, Vinatier et al., 2010, 
Coustenis et al., 2010). Most of these photochemical compounds may settle and exist in their solid 
form at the surface. Over the geological time scale, a C2H2 solid layer, a few hundred meters thick 
could have formed on the surface of Titan (Cordier et al., 2009,2013; Owen & Niemann, 2009).  
The identification of these compounds on the surface is challenging due to the smoggy 
atmosphere that veils the surface of Titan from the view of the Cassini spacecraft, except at seven 
atmospheric windows centered at 0.93, 1.08, 1.27, 1.59, 2.01, 2.7-2.8, and 5.0 µm (e.g., Sotin et 
al., 2005). Trace detection of benzene (Clark et al. 2010) and carbon dioxide (McCord et al. 2007) 
have been reported using the Visual and Infrared Mapping Spectrometer (VIMS, Brown et al., 
2004). But despite its predicted high abundance, so far, C2H2 has not been unambiguously detected 
on Titan’s surface.  
3.2 Our search for acetylene 
 Here we present an analysis of Titan’s infrared spectra to search for the presence of solid 
C2H2 on the surface. Previous studies attempting the detection of C2H2 searched for the presence 
of a weak absorption band at 4.94 µm in the VIMS spectra. The 5-µm window is least affected of  
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Figure 1: A) Comparison between C2H2 lab spectra (Blue), lab spectra resampled to Cassini VIMS 
resolution (Red), and Cassini VIMS spectra of Tui Regio (Black) ranging from 1 – 2.2 µm. B) 
Same as A, but centered on the 1.59 µm window. 
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all the IR windows by atmospheric absorption and scattering (Rodriguez et al., 2006), and could 
be the easiest window to detect even the weak C2H2 4.94-µm absorption. Minor traces of C2H2 
may have been identified by Moriconi et al. (2010) on the shoreline of Ontario Lacus using this 
weak absorption, but the weakness and the lack of geographic coherency of their reported 
detections make the identification inconclusive. Using the same weak absorption feature, Clark et 
al. (2010) reported no positive detection over the entire area of their study.  
In our study, we used a high-resolution laboratory spectrum (4 cm-1) of solid C2H2 acquired 
in the 1-2.2 µm wavelength range (Singh et al. 2015) to compare with VIMS’ Titan spectra (Fig. 
1 A). Convolved to the VIMS spectral resolution (~300), the laboratory data show that C2H2 
exhibits a strong absorption band at 1.55 µm that should be detectable in the Titan spectrum and 
in fact is present (Fig. 1 B). We know of no other organic or nitrile candidate that possesses such 
a localized and strong absorption feature at 1.55 µm. Except for the weak absorption at 4.94 µm, 
it is important to note that at longer wavelengths (2-5 µm) C2H2 does not have any major absorption 
feature within the Titan atmospheric surface windows.  
3.3 Amounts and distribution of Acetylene on Titan 
 In order to investigate the contribution of the 1.55 µm C2H2 absorption to the broad shape 
of the 1.59 µm window at the shortwave wing, as measured by VIMS, and perhaps make estimates 
of the C2H2 abundance, we used a Plane-Parallel Radiative Transfer (RT) model that takes into 
account absorptions from atmospheric gases and scattering by haze particles in a comprehensive 
scheme (adapted from Hirtzig et al., (2013), DeBergh et al., 2012). We define a spectral “C2H2 
index” as follows:  - {spectral slope of the 1.55 µm shoulder from 1.54 to 1.55 µm} × {spectral 
slope of the short ward wing from 1.54 to 1.59 µm}. This C2H2 index is particularly sensitive 
simultaneously to (1) the presence of the localized C2H2 strong 1.55 µm absorption band, and (2)  
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Figure 2: A) Spectra of C2H2 (red) mixed with neutral albedo compared to spectra of constant 
albedo ranging from 0 to 1 (black), at the VIMS resolution and seen through the atmosphere of 
Titan. B) Modeled spectra centered on the 1.59 μm window. C) Spectral criterion to detect C2H2 
A B 
C 
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as a function of the albedo of neutral surface and the percentage of linear mixing between C2H2 
and a neutral surface. It is simulation of second criteria calculating the ratio of the slopes from 
1.54-1.55 µm and 1.54-1.59 µm with (colored lines) and without (black line) C2H2 at different the 
brightness of its spectrum at the center of the 1.59 µm window. concentrations (0 to 1). C2H2 shows 
up quite readily with respect to any other constant surface albedo. Making this assumption of a flat 
surface albedo in such short wavelength range (1.54-1.59 µm) as a “no detection” reference is fully 
reasonable, indicating if there is a local absorption around 1.55 µm.  
We use our RT model to simulate Titan’s spectra at the VIMS spectral resolution (Figures 
2a and 2b) and thus evaluate the “C2H2 index” in the cases of uniform surface albedos, linearly 
mixed with our laboratory spectrum of solid C2H2 (from 10% to pure C2H2). Those - calculations 
were performed with the nominal model for the atmospheric gases (validated in previous studies 
(Hirtzig et al., 2013, De Bergh et al., 2012)) and aerosols with zero incidence and emergence 
angles. The atmospheric gases and aerosol content has been fixed to the reference value measured 
by DISR above the Huygens Landing Site (Tomasko et al., 2008). The impact of the geometry has 
also been tested in the limits of validity of the plane parallel approximation (~60° in incidence and 
emergence) for the pure C2H2 case. These calculations of the “C2H2 index” are summarized in 
Figure 2c. We can see that a uniform surface albedo in the 1.5-1.6 µm spectral range produces -
C2H2- indices ranging from a positive value very close to zero for a uniform albedo of 0 to negative 
values for a uniform albedo of 1. Indeed, simulated spectra show that a very low surface albedo 
results in a slightly negative 1.54-1.55 µm slope and in a very low value for the radiance factor in 
the window (Figures 2a and 2b), making the 1.54-1.59 µm slope almost neutral and the resulting 
C2H2 index close to zero. For very high surface albedos, values of the 1.54-1.55 and 1.54-1.59 
spectral slopes are both positive (Figures 2a and 2b) and give the lowest possible negative C2H2 
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index. When more than 40% of solid C2H2 is mixed with a surface of constant albedos, the C2H2 
index starts departing significantly from the behavior of surface of constant albedo, displaying 
high positive values, the highest being for the case with pure C2H2. In conclusion, the C2H2 index 
is very discriminative, particularly sensitive to high content in solid C2H2. It is worth noting that, 
C2H2 index decreases with increasing incidence and emergence, since the 1.55 µm shoulder 
naturally flattens with the increasing path length within the atmosphere, but stays positive with 
values high enough to make C2H2 still detectable. 
We applied the C2H2 index to the VIMS observations of Titan to map C2H2 over the 
surface. We show three global maps of Titan showing a mosaic of VIMS images at 2.01 µm (Fig. 
3a), a map that presents the value of the index (Fig. 3b), and a map with the 1-sigma errors on the 
index due to intrinsic noise in VIMS data (Fig. 3c).  For all these maps, pixels with incidence and 
emergence angles greater than 60° were excluded to stay in the validity domain of the RT 
computations of the C2H2 index. For the detection map (Fig. 3b), pixels with a negative and slightly 
positive index (up to 0.014 following the maximum possible index found in the case of uniform 
albedos) are characteristic of uniform surface albedo and only positive index greater than 0.014, 
associated with a deep band at 1.55 µm, are plotted. Finally, pixels with index values lower than 
their 1-sigma error are also excluded. As a result, we see potential presence of C2H2 almost 
everywhere in our study area (Fig. 3b). Since C2H2 likely is produced everywhere in the 
atmosphere and observations show that its atmospheric abundance is quite uniform within the +/-
60° latitude band, it is not surprising to find evidence of its ubiquitous sedimentation on the surface 
of these regions. The highest C2H2 indices are strongly correlated with bright terrains, fully 
consistent with the fact that C2H2 has a high albedo, especially at 1.59 µm. With a weaker 
signature, we also found some presence of C2H2 in dark areas, but with less obvious correlation  
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Figure 3: a) 1.59 mm map of Titan of the investigated areas where the surface has been illuminated 
and viewed at less than 60o angles. b) Acetylene detection map for a criterion value exceeding a 
0.0134 threshold determined from Radiative Transfer simulations applied to laboratory spectra. c) 
A map showing the calculated errors on the slope criterion values due to the intrinsic noise in the 
VIMS data 
 
with albedo. Thus, even if C2H2 is present almost everywhere, the spatial distribution of the 
intensity of its spectral signature is not homogeneous, indicating that surface processes responsible 
for its segregation or masking may be at work. 
In order to show more spatially resolved detections and investigate local heterogeneities of 
the C2H2 index distribution, we selected three different regions with varied spectral properties: Tui 
Regio, Fensal-Aztlan/Quivira and Adiri/Shangri-La. Figure 4 shows the 1.59 mm window images 
of each area along with a RGB composite based on the band ratio technique to emphasize small 
spectral heterogeneities (Le Mouélic et al., 2008), the detection maps exceeding the 0.014 
theoretical threshold value and a VIMS-RADAR SAR composite for geological context.  
Tui Regio is a large equatorial basin (Moore and Howard, 2010), including several 
channels and small depressions. It appears bright at all wavelengths and exceptionally bright at 5 
mm, which has been interpreted as due to an enrichment in evaporite deposits by McKenzie et al. 
(2014). From thermodynamic calculations, Cordier et al. (2013) demonstrated that C2H2 should be 
a major dissolved component in the lakes and should crystallize mainly in the upper part of 
evaporite deposits present in dried out depressions, and therefore should be detectable by VIMS. 
Our detection is strong, the strongest of all, in this area where empty depressions are seen in the 
RADAR, which reinforce the evaporitic origin hypothesis for these deposits. 
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Figure 4: From top to bottom: Tui Regio, Fensal-Aztlan/Quivira region and Adiri/Shangri-La 
region (from top to bottom); as seen, from left to right, by VIMS at 1.59 mm, in RGB band ratios 
color composites, by our detection criterion and by the RADAR SAR images on top the color 
composite.
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The Fensal-Aztlan/Quivira region is particularly rich in spectral diversity. It comprises the 
VIMS brown unit, which is correlated to the Fensal and Aztlan dune fields (Rodriguez et al., 2014) 
as well as the VIMS dark blue unit often encountered on the southeast of the VIMS bright unit 
such as Quivira or Sinlap crater (Le Mouélic et al., 2008), suspected to enriched in fine grain water 
ice (Rodriguez et al., 2006). While the VIMS bright unit exhibits strongly positive detections, the 
VIMS brown and dark blue units detections are closer to our detection threshold. C2H2 should be 
present in most of the area but the presence of dark components in the dune field seems to reduce 
its spectral signature. 
The Shangri La region is a large dark dune field located close to the Adiri bright region. 
The Huygens probe landed in 2005 at the border between Adiri and Shangri-La (Tomasko et al., 
2005; Sotin et al., 2005; Rodriguez et al., 2006; Soderblom et al., 2007), in what appears as the 
dark-blue terrain in VIMS data (Rodriguez et al., 2006, 2014). While the DISR instrument reported 
an unidentified absorption at 1.54-1.55 mm (Tomasko et al., 2005; Keller et al;., 2007; Schroder 
and Keller, 2008), close to the one we report in the present paper, the GCMS instrument detected 
traces of C2H2 close to the surface (Niemann et al. 2010). Our detection map on Shangri-La shows 
on average the absence of C2H2 in the dune fields and its presence in the bright terrain (northern 
Xanadu, Selk crater). The VIMS data sets acquired over most of the Adiri region do not 
showpresence of C2H2. This effect cannot be due to a viewing geometry effect, which appears in 
the range of the other data sets in the mosaic, but is probably due to a seasonal effect since these 
cubes have been acquired between 2008 and 2012 during the transition from the northern winter 
to summer. This effect is also readily seen in the band ratios global map where the cubes over the 
trailing hemisphere (mainly acquired during the Cassini Equinox and Solstice mission) appear 
with a markedly distinct bluish color. 
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3.4 Discussion and conclusions 
In summary, based on a robust spectral criterion able to discriminate the presence of C2H2 
under various viewing geometries, we detected C2H2 in most of the areas investigated with a 
prominent correlation with bright terrain. Detections in dune fields are closer to the threshold value 
or absent, which would indicate a preferred accumulation in the non-dune areas of Titan or a burial 
of C2H2 by another material, probably the constant fallout of atmospheric dark aerosols. Our 
dataset does not allow detection of latitudinal trend, which is in accordance with the atmospheric 
uniform abundance of the C2H2 parent gas as by the Cassini CIRS instrument between +/-60° 
latitudes (Vinatier et al., 2010; Coustenis et al., 2010). The data set does, however, show local 
heterogeneities in the intensity of the acetylene spectral signature, likely related to subsequent 
surface processes at work after deposition. A possibility could be that C2H2 deposits at geological 
timescale from the atmosphere with no spatial preference, being mixed and partly covered by other 
atmospheric deposits, first being atmospheric aerosols. In the infrared a layer of a few tens of 
microns is sufficient to mask the signal from the underlying layer. Several episodes of weathering 
by rainfall, thought to be rare but intense in those regions, have been reported (e.g. Rodriguez et 
al., 2009; 2011; Turtle et al., 2011). The bright infrared regions of Titan that are usually correlated 
to topographic highs (Lorenz et al., 2013), assumed to be covered with a layer of dark aerosol. The 
rainfall events may have washed and removed the upper layer of dark aerosols revealing the 
underlying layer rich in C2H2. As a result, the topographic highs appear brighter in the infrared 
range than the dark that exhibit the observed stronger C2H2 index. 
The detection of C2H2 on the surface of Titan opens new paths to understand and constrain 
Titan’s surface activity. Since C2H2 is highly soluble in Titan liquids, it can easily dissolve in 
methane/ethane and may play an important role in carving of fluvial channels and existence of 
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karstic lakes at higher latitudes on Titan. These processes imply the existence of a dynamic surface 
with a continued history of erosion and deposition of C2H2 on Titan.  
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4.1 Abstract 
In this study the solubility of acetylene (C2H2) and ethylene (C2H4) in liquid methane (CH4) 
and ethane (C2H6) has been experimentally determined at Titan surface temperature (90 K) and 
pressure (1.5 bar). As predicted by theoretical models, the solubility of acetylene and ethylene are 
very large at Titan temperature. Our results indicate the solubility of 4.9  10-2 for acetylene in 
methane and 48  10-2 in ethane; for ethylene, 5.6  10-1 in methane and 4.8  10-1 in ethane. These 
values are both in accord with theoretical values derived from thermodynamic models and solution 
theory. Assuming the mole fractions from atmospheric models in the lower stratosphere and 
equilibrium with surface, we determined that the lakes on Titan that cover ~ 400,000 Km2 are and 
not saturated, despite the large solubilities of acetylene and ethylene. The liquid lakes on Titan act 
as an important reservoir for both acetylene and ethylene. However, due to the difference in 
solubility in liquid methane and ethane, the amount of solutes in lakes may change with the 
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temporal evolution (such as; evaporation and condensation) over seasons and geological time 
scales.  
4.2 Introduction  
Since the arrival of the Cassini-Huygens mission in the Saturn system in 2004, strong 
evidences of the presence of liquid bodies have been found on Titan’s surface near the poles (Hayes 
et al. 2008; Lopes et al. 2007; Stofan et al., 2007). Titan possesses a thick atmosphere mainly 
composed of nitrogen and methane, and experiences an active methane cycle, in many ways similar 
to the water cycle on Earth (Hayes et al. 2008; Lorenz, 1993). This cycle allows retaining potential 
liquid hydrocarbons on Titan’ surface (Atreya et al. 2006; Lorenz, 2000; Lunine and Lorenz, 
2009). Although predicted to exist as large oceans (Lunine et al., 1983, Raulin, 1987), the potential 
liquids have been discovered and interpreted as lakes and seas of various sizes and shapes (Hayes 
et al. 2008; Lopes et al. 2007, Stofan et al. 207). The observed lake morphologies in Cassini’s data 
by comparison with similar terrestrial landforms encountered in semiarid regions suggests that the 
lakes lie in depression formed by dissolution of a surface soluble porous layer (Bourgeois et al. 
2008, 2010). For example, in the Namibian analog, this layer is constituted of calcretes, a soluble 
rock on geological timescales. Indeed, the data acquired during the landing of Huygens probe in 
January 2005 seems to argue of a porous and damp surface and are therefore consistent with this 
hypothesis (Lorenz and Lunine, 2006; Zarnecki et al., 2005). Photochemical and thermodynamic 
models (Cordier et al. 2009; Dubouloz et al., 1998) as well as the potential detection of 
hydrocarbon compounds on Titan’s surface (Clark et al 2010) brought indication about the 
potential solutes existing in Titan’s lakes and as evaporites on the surface.  
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4.2.1 Titan’s Global settings  
 Atmosphere: Titan’s atmosphere is composed of 95% of nitrogen (Cordier et al. 2009), 
methane is the second most abundant component, having mixing ratio of 4.92 % at near surface 
(Niemann et al., 2005) and less than 1% of minor species such as dihydrogen (Owen and Niemann, 
2009), carbon monoxide (De kok et al., 2005) argon (Niemann et al., 2005) and ethane (Cordier 
et., 2009). The atmosphere of Titan is photochemically active, producing acetylene, ethylene, 
propane, and benzene as minor components (Mitri et al. 2006, Lavvas et al. 2008a,b, Coustinis et 
al. 2009) that act as solutes.  
 Surface: Titan surface temperature is comprised between the 93.65 k measured at the 
Huygens landing site HLS (Tomasko et al., 2005; Niemann et al., 2005) and the 90.5-91.7 k 
interval inferred from the Composite Infra Red Spectrometer (CIRS) and the radiometer data at 
the Titan’s poles (Janssen et al., 2009; Jennings et al., 2009). The measured surface pressure at the 
HLS is 1.46 bar (Niemann et al. 2005). The surface conditions lies near triple point of methane 
and ethane, which suggest the stability of both and act as solvents. Titan’s surface consists of both 
high and low lying terrains. The largest highlands region is sparkling with the reflected light of 
ices (possible solutes), washed down slopes by flash floods instigated by methane/ethane rainfall. 
Rainfall has been suggested as a cleansing mechanism that might render elevated terrain optically 
brighter than lowlands (Griffith et al., 1991; Smith et al 1996 Titan book pg 77). If Titan high land 
(bright terrain) is made of solid compounds such as acetylene and ethylene, they can easily 
dissolute in the liquid methane and ethane and transport to the liquid reservoirs at low lands.  
 According to photochemical models (Cordier et al., 2009, Yung and De More, 1999), 3 
organic compounds are expected to be in liquid on Titan’s surface: methane, ethane, and to a lesser 
extent propane. Several others such as acetylene and ethylene, which are produced abundantly in 
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the atmosphere, are expected to exist in solid phase. Acetylene and ethylene are the next most 
abundant hydrocarbons after ethane and their formation is initiated in the upper atmosphere 
directly from the products of methane photolysis. In the lower atmosphere acetylene recycles back 
to ethylene, hence both acetylene and ethylene are abundant in the atmosphere. The photochemical 
model of Cordier et al (2009) tends to argue for a lake composition dominated by ethane (more 
than 70%), propane (7-10%) and methane (5-10%) in which some solid compounds can be 
dissolved if thermodynamic equilibrium between the lake and the atmosphere is assumed.  
Luspay-Kuti et al. (2012), (2015), Cordier et al (2009), (2013) estimates the lake 
composition of Ontario Lacus to be ~ 70 -30 % of ethane to methane, the major lake of Titan’s 
southern hemisphere. Whereas, northern lakes are thought to be more methane rich reaching up to 
90 – 10% methane to ethane concentration (Luspay-Kuit et al. 2012, 2015). Depending on the 
solubility rates of Titan solids in liquid methane and ethane we should be able estimate the amount 
of solutes that are present on Titan’s. Cassini-Huygens measurements have provided the structure 
and composition of Titan’s atmosphere, requiring the solubilities to be computed under Titan 
conditions (Cordier et al.  2009). A solubility measurements under Titan conditions in lab will 
provide constraints for the atmospheric models and test the limits of these models.  
Here, in this study we propose calculations of experimental solubility values of acetylene 
and ethylene in liquid methane and ethane under Titan surface conditions. We estimate the amount 
of solutes (acetylene and ethylene) present in the lakes assuming lakes to be pure methane and 
ethane.  
4.3 Experiments  
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We preformed the solubility experiments using the Andromeda chamber at University of 
Arkansas that is designed to simulate the Titan surface conditions (Wasiak et al. 2012). The Titan 
simulation chamber is a stainless steel cylinder (height of 2.08 m, diameter of 0.61 m) sealed with 
a vacuum pump at the bottom and a lid at the top (the lid can be removed to perform maintenance). 
The outer cylindrical chamber accommodates the Titan module that sits inside the main chamber, 
which consists of the Temperature Control Box (TCB). The experiments are performed within the 
TCB that contains a condenser to prepare the liquid and solid samples. The Titan module also 
contains a FTIR fiber optic probe, a balance to measure the mass of the sample, five 
thermocouples, two endoscopes for visual observation of samples, pressurized gas lines, electronic 
connectors. The chamber is internally equipped with pressure coils to maintain the pressure of 1.5 
bar with continuous supply of N2. Inside the Titan module, the TCB is equipped with Liquid 
Nitrogen (LN2) cooling coils that allow the module to reach temperatures relevant to the surface 
of Titan (90–94 K). The temperature is controled by varying the flow of LN2 flowing through the 
coils.  
To perform solubility experiments, we start with purging the entire chamber with N2 to 
remove contaminants prior to the experiment. We also carefully exchange the atmosphere during 
the experiments and maintain a 1.5 bar pressure via pressure valves. We also purge the condenser 
independently with N2 by opening the solenoid valve and valves to the exhaust, to remove any 
contaminants from previous experiments. Once the chamber is fully purged for ~ 20 min, we start 
the LN2 flow through the external coils around TCB. Once the TCB reaches a low enough 
temperature (typically below 150 K), we start the LN2 flow through the condenser using 
independent, specifically dedicated coils. Thermocouples located at different locations in the Titan 
module help us maintain and control the LN2 flow. Five thermocouples allow continuous recording 
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of temperatures during the experiment: one is fixed at the bottom of the petri dish (sample 
temperature), one is attached and fixed right above the petri dish (~2 cm) that monitors the 
atmosphere, one is attached to the FTIR probe (atmosphere ~3 cm above the petri dish) and two 
are located at the top of the TCB (~15- 20 cm above the sample). These thermocouples allow a 
precise characterization of the thermal profile in the TCB. In addition to these temperatures, the 
mass is continuously recorded. Finally the FTIR probe allows spectra (wavelength 1 to 2.5 µm) of 
the sample to be taken at various time intervals, while the endoscopes allow direct imaging of the 
sample. 
Different samples condense at different temperature; before allowing the hydrocarbons to 
enter the condenser, we make sure that the condenser temperature is within the right range to 
condense the sample of interest. Once Titan relevant temperature (90-94 K) is reached, and the 
condenser the appropriate temperature, the sample is introduced in the gas form into the condenser, 
then converted into solid, before being poured into the petri dish. This reduces the risk of clogging 
the condenser solenoid valve as solid particles condense on the walls of the condenser if condensed 
directly from the gas phase. After condensing the sample, we decrease the temperature to the 
condensation temperature of methane (~95 K) or ethane (~120 K). Methane and ethane condense 
as liquid from the gas phase, allowing them to dissolve the sample. The amount of time allowed 
for dissolution is dependent on the timescales for saturation to be reached, which can only be 
determined by repeated experiments with increasing times. The solenoid valve is then opened to 
pour the solution into the petri dish through a glass-fritted filter (25-75 µm diameter) placed 
between the solenoid valve and the petri dish to allow removal of residual solid particles from the 
condenser (Fig. 4.1).  
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Figure 4.1: A schematic of Andromeda chamber at University of Arkansas. 
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To monitor the total mass of the sample, the Petri dish (15 cm diameter, 1.5 cm deep) where 
the sample is poured into is suspended via nylon wires to a balance scale (precision of 0.01 g) 
located outside and above the TCB. This precaution is necessary because the electronics of the 
balance is not designed to function at cryogenic temperatures. The bottom of the petri dish is 
covered with a reference white target (Spectralon® from LabSphere) made of a fluoropolymer 
which diffuses light isotropically (Lambertian surface) and which reflectance is close to 100%.A 
reference spectrum is acquired at the beginning of each experiment. The amount of individual 
mass of acetylene and methane/ethane is unknown in the total mass of the solution. To calculate 
the solubility, knowing individual mass of each compound in the solution is necessary, which is 
done by Spectral Mixture Analysis (SMA) of infrared spectra of the samples. 
4.3.1 Calculation of solubility from Spectral Mixture Analysis (SMA, e.g. Adams et al., 
1986):  
In order to retrieve the mass of individual components in a mixture from infrared spectra, 
it is necessary to measure the mass and spectra of pure components (also referred as spectral 
endmembers). Those spectra are characterized by several absorption bands, which position in 
wavelength, width and symmetry are diagnostic of the type of molecular bonds and, by extension, 
of molecular species. The depths of those absorption bands increase as function of the sample 
depth (or mass). The rate of this increase depends on the photons path length through the sample. 
In our experimental setting, the light source is above the Petri dish and all the samples are 
translucent. As a consequence, the sample diffuses photons to the bottom of the Petri dish into 
various directions, the reference white target diffuses photons back through the sample, and the 
sample diffuses photons towards the FTIR fiber optic probe. This complex distribution pattern of 
photon fluxes and directions is determined by technical constraints of the experiment. It results in 
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a relationship between spectra and masses that is unique to our system, therefore we have to 
acquire spectra for several masses of each molecular specie used as solvent in our mixtures. 
Because of the high volatility of liquid acetylene, we could not build its corresponding lookup 
table. 
The mixture sample has two unknowns (the mass of each component), and two knowns 
(the total mass and the infrared spectrum). In order to determine the proportion of each component 
from the spectrum, we modeled the reflectance spectrum of a mixture RM by a linear combination 
of the spectral endmembers Rn: 
𝑅𝑅(𝑅) = 𝑅(𝑅) +∑ 𝑅𝑅𝑅𝑅
𝑅
𝑅=1
(𝑅) 
Where N is the number of spectral endmembers, a the mixing coefficient, and r the residual.  
The mixing coefficients are sensitive to the quantity of each component, but they are not 
proportions. In order to calculate masses from the mixing coefficients, we built a lookup table by 
modeling the spectrum of each pure component with a given mass, by spectra of the same 
component with different masses (Fig. 4.2). Modeling the spectrum of a large-mass sample with a 
spectrum of a small-mass sample results in a mixing coefficient greater than one; the opposite 
scenario leads to values lower than one. The quality of fit improves as the spectral endmember and 
the modeled spectrum correspond to sample masses that are close to each other, each series is fitted 
by a linear relationship of mass as function of mixing coefficient. 
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Figure 4.2: Mixing coefficient values vs. Mass of the end members. Top: Calibration curve for 
methane, bottom: calibration curve for ethane. 
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4.4 Results  
Before we analyze the spectra of methane – acetylene system, for acetylene we need to use 
correct phase NIR spectra. In our previous work we determine a significant increase in reflectivity 
of acetylene in solid phase than liquid phase. We also observed a shift in the major absorption 
band to higher wavelength (Singh et al. 2015, Fig. 4.3). Since acetylene will be in its liquid phase 
in the methane-acetylene and ethane-acetylene system, it is important we use liquid acetylene NIR 
spectra to determine solubility. Since ethylene is also solid at Titan temperatures, when dissolved 
in methane or ethane it is in its liquid phase hence it may exist in both phases on Titan, liquid in 
the lakes and solid on the surface. We collected pure ethylene spectra in different phases and 
determined no change or repositioning of absorption bands. The only factor that seems to be 
changed is its overall reflectivity. We determine the reflectivity ratio (Rsolid/Rliquid) of 1.63 under 
Titan surface conditions (Figure 4.3). This preliminary work of determining changes in absorption 
bands is important because in our previous work of acetylene we determined the shift of major 
absorption bands to higher wavelength as the phase changes from liquid to solid (Singh et al. 
2015), and correct phase spectra need to be used when determining the solubility. However, 
knowing the reflectivity ratio of ethylene also serve purpose in Cassini VIMS data Ethylene ice 
will appear bright and liquid ethylene will appear dark in VIMS data. In future, if ethylene is 
identified on the surface reflectivity ratio will be helpful in determining the phase it exists on Titan. 
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Figure 4.3: Comparison between liquid and solid phase of acetylene (top) and ethylene (bottom
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4.4.1 Acetylene 
Acetylene is known as one of the end products of methane photolysis in laboratory 
experiments (Smith and Raulin, 1999 and Vuitton et al. 2006, New titan book pg 241, Lavvas et 
al., 2008 a,b). Its photochemistry also plays an important role in the atmosphere of Titan, and is 
predicted in the Titan lakes as a major component (Cordier et al., 2009, 2013, Glein et al., 2013, 
Tan et al., 2013). Models predict a net creation of acetylene approximately 125-2000 times larger 
than any other compound produced in the atmosphere (Wilson and Atreya, 2004) and may settle 
and exist under its solid form at the surface (Cordier et al. 2009, 2013). It has been suggested that 
over geological time scale, acetylene solid layer, a few hundred of meters thick would have formed 
on the surface of Titan (Owen and Niemann, 2009). Although, being so abundant in the atmosphere 
with the stratospheric mixing ratio of a mole fraction of about 3.7 X10-6 (Coustein et al. 2010), 
acetylene lacks the physical evidence at the surface. A recent study by Singh et al. 2015 identifies 
acetylene near equatorial regions using Cassini VIMS data and suggests that acetylene is globally 
present on Titan. Since, acetylene is assumed to be abundant on Titan, it is also thought to be 
highly soluble in Titan liquids (methane and ethane). Several models have previously attempt to 
determine the solubility of acetylene in methane and ethane (Cordier et al. 2009, Glien et al. 2013). 
Depending on the mole fraction determined by the photochemical models, acetylene is found to 
be main compounds in lakes formed on the surface of Titan. With all the computer models 
available to determine the solubility values, it still lack laboratory experiments that will put 
constraints and provide solubility limits for future models. Here, we present experimentally 
determined solubility of solid acetylene in liquid methane and ethane under Titan relevant surface 
conditions.  
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4.4.2 Solubility in Methane and Ethane 
The near infrared (NIR) spectra of acetylene (blue), methane (pink), and the mixture 
spectra of the dissolution of C2H2 in pure methane (red) ranging from 1 – 2.2 μm (Fig. 4.4 (left)). 
We have identified several absorption bands of acetylene and methane at 90 K in our previous 
work (Singh et al. 2015 a, b).  Acetylene has two important absorption bands within the range (1-
2.2 μm) of our experiments; they lie within VIMS atmospheric windows at 1.55 μm and a negative 
slope at 2.0 μm. Whereas, methane have several absorption bands at 1.19, 1.33, three sharp bands 
at 1.66, 1.71, 1.79 μm. In the mixture spectra, methane absorption bands are dominant with minor 
traces of dissolved acetylene with absorption bands at 1.55 and 2.0 μm. The acetylene signature in 
the mixture spectra is barely visible and the band depth of the absorption bands relates to the 
quantity of acetylene present in the solution. From the mixture spectra it clearly indicates that 
acetylene is present in very little quantity as compared to methane.  
In the similar type of experiment, Figure 4.4 (right) shows the NIR spectra of ethane (red), 
acetylene (blue) and the mixture spectra of the dissolution of acetylene in pure ethane (green) 
ranging from 1 -2.2 μm. Ethane has numerous absorption bands over the same wavelength range 
as methane. Ethane also has three distinctive absorption bands at 2.0 μm that is not present in the 
methane spectra. As a result, in the dissolution spectra of ethane and acetylene only single 
absorption band of acetylene is identified at 1.55 μm. The negative slope at 2.0 μm of acetylene is 
overlapped with the three distinctive absorption bands of ethane. In comparison to acetylene 
absorption band in methane at 1.55 μm, acetylene absorption band is significantly larger in ethane 
mixture within the same time range allowed for dissolution. The band depth of the absorption 
bands clearly indicated that the amount of acetylene present in ethane mixture is significantly  
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Figure 4.4: NIR spectra of pure acetylene (green) and pure methane (blue) compared to the NIR 
spectra of the mixture of methane and acetylene (red) (right). NIR spectra of pure acetylene (green) 
and pure ethane (blue) compared to the NIR spectra of the mixture of methane and acetylene (red) 
(left) indication large absorption band at 1.55 μm. Thin dotted line shows the identified absorption 
bands of acetylene in mixture spectrum, shaded region are two Cassini VIMS atmospheric 
windows at 1.6 and 2.0 μm. 
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larger than in methane mixture. Thus, indicates that acetylene is significantly more soluble in 
ethane than in methane.  
The relevance of MELSUM results can be seen in Figure 4.5, it shows a comparison 
between the unknown mixture spectral data (red) and the linear mixing modeled spectra (green 
dotted). Blue and magenta color correspond to the spectra of endmember of methane and acetylene 
and ethane and acetylene in figure 4.4 which have been retained by the model, multiplying by their 
mixing coefficient. It shows how much a given endmember contributes to the final modeled 
spectra. The residual value is given in the dashed line with very minimal value of 0.02. The value 
of mixing coefficient of known methane endmember is 0.95 and for acetylene is 0.05 (Fig. 4.5). 
When used these mixing coefficients we extracted the mass of methane to 9.2 g from calibrated 
curve (Fig. 2A), which is then subtracted from the total mass obtained by balance and gives us the 
mass of acetylene of 0.8 g.  In figure 4.2 the value of mixing coefficient of known ethane 
endmember is .84 and for acetylene is .16. The extracted mass for ethane is 10 g from the 
calibration the mass of acetylene is derived to be 8 g in the solution.  
At 90 K, the solubility of acetylene in liquid methane is 4.9  10-2 mole fraction, and is 
48.0  10-2 mole fraction in liquid ethane. The solubility of acetylene in methane and ethane is 
consistent with previous work that calculated solubility of acetylene based on numerical models 
and peter prestuian method [Szczepaniec-Cieciak et al. 1978]. Acetylene is nearly 10 times more 
soluble in liquid ethane as in liquid methane. The large difference between the solubility between 
acetylene in methane and ethane can be explained by the value of Hildebrand solubility parameter. 
The value of this parameter represents a measure of the molecular cohesion energy of the pure 
compound (Cordier et al. 2009). It depends on the nature and the strength of the intermolecular  
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Figure 4.5: Results from MELSUM. (Left) Unknown spectrum of methane + acetylene (red) is 
modeled with MELSUM (green dotted) by using endmember of methane (magenta) and acetylene 
(blue). Residual from the modeled spectrum and unknown spectrum is displayed in black with a 
value of ~ 0. (Right) same as left but with ethane + acetylene mixture. Ethane endmember is shown 
in magenta color. 
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forces between molecules of the same species. Two components presenting close Hildebrand 
solubility parameter (cal/cm3)1/2 are likely to be highly soluble. The value of Hildebrand parameter 
for methane (CH4), ethane (C2H6), and acetylene (C2H2) at 92.5 K are 7.23, 9.07, and 11.11, 
respectively (Dubouloz et al. 1989). This implies that acetylene should be more soluble in ethane 
than in methane, as observed in our laboratory work.  
4.4.3 Ethylene 
Roe et al. 2004 observes a significant accumulation of ethylene in the south polar 
stratosphere near latitudes south of 60 degrees S.  Ethylene is thought to be among one of several 
chemical species that varies in abundances as a function of latitudes (Coustenis and Bezard (1995) 
from Roe et al. 2004) and shows polar enrichments, which is suggestive of seasonally varying 
chemistry. Roe et al. 2004 suggests the extent of the south polar ethylene abundance of ~ 20 times 
more than equatorial abundance. According to Roe et al. 2004, ethylene accumulation retreated to 
latitudes above 50 degrees N and there is significant accumulation of ethylene in the south polar 
stratosphere and does not extend further than 60 degrees S. Overall, by these measurements we 
can estimate that there is plenty of ethylene in the polar regions and on the surface. Majority of the 
lakes lie at polar region of Titan and thus ethylene can also be one of the main constituents 
dissolved in the lakes.  
On the other hand, the first complete model of the post Cassini-Huygens era is the one by 
Lavvas et al. (2008 a, b). In spite of the improvements made to the model using Cassini-Huygens 
measurements, the model keeps underestimating the abundance of ethylene in the stratosphere and 
hence led to underestimate the presence of ethylene on the surface. An attempt made by Cordier 
et al. (2009, 2011, 2013) to estimate the composition of lakes does not include ethylene as a  
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Figure 4.6: NIR spectra of pure ethylene (blue) and pure methane (magenta) compared to the NIR 
spectra of the mixture of methane and acetylene (green) (left). NIR spectra of pure ethylene (blue) 
and pure ethane (red) compared to the NIR spectra of the mixture of methane and acetylene (green) 
(right)
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constituent of the lake. Here, we present the ethylene solubility value in liquid methane and 
ethane, and estimate the mole fraction of ethylene present in north and south polar lakes. 
4.4.4 Solubility in Methane and Ethane 
In separate set of experiments we determined ethylene solubility in liquid methane and 
ethane. Figure 4.6 presents raw NIR spectra from binary system experiment for methane – 
ethylene, and ethane-ethylene, respectively. From the FTIR data, the ethylene spectra have 
numerous absorption bands over the entire NIR range allowed in our experiments from 1-2.2 μm. 
As discussed above, both methane and ethane have several distinctive absorption bands in the same 
range (Fig. 4.6 magenta and red, respectively), most of the absorption bands produced by methane 
and ethane are overlapped by ethylene except at few wavelengths, which are identified by the grey 
shaded region. The NIR spectra for the binary system methane –ethylene (Fig 4.6 (left), blue) and 
ethane –ethylene (Fig. 4.6 (right), blue) shows the absorption bands produce by the mixtures.  
The results from MELSUM for ethylene in two liquids can be seen in Figure 4.7. Blue and 
magenta color correspond to the spectra of endmember of methane and ethylene and ethane and 
ethylene in figure 4.6, which have been retained by the model, multiplying by their mixing 
coefficient. It shows the amount endmember contributes to the final modeled spectra. The residual 
value is given in the dashed line with very minimal value close to zero.  In figure 4.7 the value of 
mixing coefficient of known methane endmember is 0.48 and for ethylene is 0.83. When used 
these mixing coefficients we extracted the mass of methane to 4 g from calibrated curve (Fig. 4.2), 
which is then subtracted from the total mass obtained by balance and gives us the mass of ethylene 
of 9 g.  In figure 4.7 (right) the value of mixing coefficient of know ethane endmember is 0.71 and 
for ethylene is 0.54. The extracted mass for ethane is 9 g from the calibration the mass of acetylene 
is derived to be 6 g in the solution.  
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Figure 4.7: Results from MELSUM. (Left) Unknown spectrum of methane + acetylene (red) is 
modeled with MELSUM (green dotted) by using endmember of methane (magenta) and acetylene 
(blue). Residual from the modeled spectrum and unknown spectrum is displayed in black with a 
value of ~ 0. (Right) same as left but with ethane + acetylene mixture. Ethane endmember is shown 
in magenta color.  
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The experimental value of the solubility of ethylene in liquid methane at 90 K is 5.6  10-
1 in mole fraction and the solubility of ethylene in liquid ethane at 90 K is 4.8  10-1 in mole 
fraction. Error limits are 95% confidence limits. The value of ethylene in methane and ethane is 
consistent with previous work that calculated solubility based on non-ideal solution 
(Szczepaniec0Cieciak et al. 1978]. By comparing solubility of ethylene in two liquids at the same 
temperature, it appears that ethylene is nearly equally soluble in both methane and ethane. The 
difference between the solubilites can be explained with the close value of Hildebrand/ solubility 
parameter. Hildebrand parameter for methane (CH4), ethane (C2H6), and acetylene (C2H2) at 
92.5 K are 7.23, 9.07, and 11.11, respectively (Dubouloz et al. 1989). The solubility parameter for 
ethylene was calculated to be 8.0 (cal/cm3)1/2, which is slightly close to the solubility parameter of 
methane (7.23) but not to far ethane (9.07). Therefore, ethylene is somewhat equally soluble in 
both methane and ethane, as we observe.  
4.5 Discussion  
Cassini spacecraft revealed the existence of several different lakes and oceans in Polar 
Regions of Titan. Lakes cover an area of 400,000 Km2 (Hayes et al. 2008; Sotin et al., 2012) and 
include small lakes of 1-10 km wide with circular steep sided depressions, and medium 20-50 km 
wide. Some of the lakes are completely filled with radar dark material interpreted as liquid, while 
others are partially filled or completely empty with radar return that are brighter than surroundings, 
implying presence of solid particles (acetylene and ethylene) after liquid is evaporated from the 
lakes. Solid particles remains in the dry lakebed are interpreted as evaporites of solid hydrocarbons 
dissolved in the lakes most probably of acetylene and ethylene. These lakes also include fluvial 
channels carved into the solid surface by liquid runoff implying a superficial soluble layer. The 
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solubility of acetylene and ethylene in liquid methane and ethane provide a limit to the estimation 
of the amount of acetylene and ethylene present in the lakes and evaporite deposits in dry lakes.  
The atmospheric mixing ratio of acetylene at lower stratosphere (~120 Km) is 2.2  10-6 
mole fractions at 54 S and 5.2  10-6 mole fractions at 69 N measured from 2006-2007 Cassini 
data by Vinatier et al., (2010). The Values measured by the Ion and Neutral Mass Spectrometer 
(INMS) instrument at 1100 km is 2.82  10-4 (Waite et al., 2005) and at 300 km is 5.0  10-6 
(Vinatier et al., 2007). However for ethylene, the atmospheric mixing ratio of ethylene at lower 
stratosphere (~120 Km) is 1.4  10-7 mole fractions at 54 S and 2.7  10-7 mole fractions at 69 
N measured from 2006-2007 Cassini data by Vinatier et al., (2010). The Values measured by the 
Ion and Neutral Mass Spectrometer (INMS) instrument at 1100 km is 1.0  10-3 (Waite et al., 
2005) and at 300 km is 3.0  10-7 (Vinatier et al., 2007). 
Using a model constructed by Hodyss et al. (2013) similar to model by Cordier et al. (2009) 
based on the assumptions that the lakes are in equilibrium with the atmosphere, we predict the 
composition of lakes for comparison with acetylene and ethylene values at saturation. The model 
is based in the ideal solution theory expressed through Raoult’s law: 
Pi = Yi .Patm = Xi. Psat 
Where Pi is the partial pressure of a component i in the atmosphere, Yi its atmospheric mole 
fraction, Patm is the atmospheric pressure, Xi is the mole fraction in the solution, and Psat is the 
saturation vapor pressure at the relevant condition (Hodyss et al., 2013).   Using the atmospheric 
abundance of acetylene and ethylene at 300 km (5.0  10-6 and 3.0  10-7, respectively) and their 
saturation vapor pressure of 9.7  10-7 and 5.36  10-5 bar at 90 K, respectively (Ziegler et al. 
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1959), suggests that acetylene and ethylene could be concentrated in the lakes at mole fractions of 
3.4 and 8.3  10-3, respectively.  
From the solubility values from our experiments, we calculate the amount of acetylene and 
ethylene dissolved in the lakes of Titan with different depths. A simple model was adapted from 
Hodyss et al. (2013) where the volume of lakes can be approximated by knowing the surface area 
(Slakes) of the lakes and the average depth (dlakes). Titan’s surface is covered with ~ 400,000 Km2 
(Hayes et al. 2008, Sotin et al. 2012, Stofan et al., 2007), knowing all these parameters, we can 
calculate the total number of moles of hydrocarbons (Nhydro) as:  
hydro
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where mhydro is the mass of hydrocarbon contained in the lakes, Mhydro is their molar mass, and hydro 
is the liquid hydrocarbon density at Titan’s conditions. The mass of acetylene and ethylene 
dissolved in the lakes was calculated as follows:  
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where Nx is the number of moles of acetylene or ethylene dissolved in the lakes and Mx is the molar 
mass. The values of the parameters used in the calculation are as follows: the typical densitiy of 
the lakes hydro = 650 kg m-3 (Lorenz et al. 2008), Mx for acetylene = 26 g/mol, Mx for ethylene = 
28 g/mol, Slakes = 4.2  1011 m2. Assuming the lakes composition can be little tricky, from our 
previous work we determine that lakes are mainly composed of mixture of methane and ethane, 
therefore from Luspay-Kuti et al. (2015) we assume a 65% ethane -35% methane composition for 
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the lake mixture. This assumption matches well those expected from Cassini data (Hayes et al., 
2011) with a molar mass of Mhydro = 25.1 g/mol. However, we have also assumed if the lakes were 
pure methane and ethane and calculated the amount of acetylene and ethylene dissolved.  
With all the parameters fixed, we calculated the mass of acetylene dissolved in the lakes as 
a function of their depth. We computed the dissolved mass calculation for several different molar 
fractions of acetylene in the lake fluid provided in the literature: 1) 4.9  10-2, the saturation value 
measured in liquid methane; 2) 47  10-2, the saturation value measured in liquid ethane; 3) 5.8  
10-2, based on the solubility value in methane by Szcepaniec-Cieciak et al. (1978); 4) 2.0  10-2, 
based on the model assuming 85% methane -15% nitrogen mixture by Stevenson et al. (2015); 5) 
1.16  10-2, based on the model of Cordier et al. (2011); 6) 6.8  10-4, based on Preston and 
Praustnitz method by  Niemann et al. (1969); 7) 1.8  10-2, based on MVL model by Glein et al. 
(2013). The results of the calculations are shown in Figure 4.8. 
 Depending on different molar fractions of acetylene provided in the literature and our 
experimental saturation value in both methane and ethane, the amount of acetylene dissolved in 
the lakes is directly proportional to the lake depth. The increase in lake depth or the high quantity 
of liquid in the lakes will result in high solubility of acetylene (Figure 4.8). However, depending 
on the liquid composition, acetylene will dissolve almost an order of magnitude more in ethane 
rich lakes than methane rich lakes. Also, measurements of the mixing ratio of acetylene in the 
atmosphere imply that lakes contain orders of magnitude less acetylene than the solubility if the 
lakes are in equilibrium with the atmosphere.  
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Figure 4.8: Mass of acetylene dissolved in liquid as a function of depth of lakes. The thick black 
dashed line indicates the amount of acetylene present in the atmosphere.  
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Figure 4.9: Mass of ethylene dissolved in liquid as a function of depth of lakes. 
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 For Ethylene, the dissolved mass in the lake is also plotted as a function of lake depth 
(Figure 4.9). We computed the dissolved mass calculations for different molar fractions of ethylene 
in the lakes provided in the literature. As mentioned above, ethylene has been ignored in major 
atmospheric models that suggest that ethylene is destroyed in the lower stratosphere. Despite the 
fact, that ethylene is considered not rich on the surface it may still be dissolved in the lakes as a 
major component. We consider several available molar fraction values on ethylene in methane and 
ethane: 1) 5.6  10-1, the saturation value measured in methane; 2) 4.8  10-1, the saturation value 
measured in ethane; 3) 5.74  10-1, based on the solubility value in methane by Szcepaniec-Cieciak 
et al. (1978); 4) 5.0 10-1, based on the model by Cordier et al. (2015) in liquid ethane; 5) 3.0  
10-1, based on the model by Cordier et al. (2015) in liquid methane. All these values are in accord 
with the solubility value of ethylene measured in this study. Ethylene acts the same way as 
acetylene; the amount of ethylene dissolved in the lakes is directly proportional to the lake depth. 
The increase in lake depth or the high quantity of liquid in the lakes will result in high solubility 
of ethylene (Figure 4.9). 
 The calculations shown in figure imply the following: 1) assuming the lake is in 
equilibrium with atmosphere, the 6.8  10-4 mole fractions of acetylene is expected in the lakes 
shows that atmospheric acetylene can be dissolved in lakes 5-10m deep. 2) Lakes deeper than 10 
m are probably non-saturated with acetylene and have more potential to dissolve acetylene. 3) 
Given the large solubility of acetylene in liquid hydrocarbons measured in this study, suggests that 
lakes with the depth of 1-2 km are rich in acetylene and ethylene concentration allowing the 
dissolution form the atmosphere and via surface processes. 4) These calculations suggest that the 
temporal evolution of the lakes (evaporation, and condensation) over season and geologic history 
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on Titan may influence the atmospheric abundance of soluble volatiles. These soluble volatiles 
may play important role in shaping the Titan surface and contribute to its hydrocarbon cycle.  
4.6 Conclusions 
In this study we have measured the solubilities of acetylene and ethylene in liquid methane 
and ethane. Acetylene is expected to be more soluble in ethane than in methane, there have been 
large differences between numerical models that predicts the solubility of acetylene in liquid 
methane and ethane. Models predict a range of acetylene solubility increase by a factor from ~ 3 
to ~ 300 in ethane than in methane. Our results indicate that acetylene is ~ 10 time more soluble 
in ethane than in methane. However, ethylene shows somewhat similar solubilities in both liquid 
methane and ethane. Our results also indicates that ethylene is almost an order of magnitude more 
soluble in liquid hydrocarbons than acetylene. These values are in accordance with theoretical 
values predicted and derived various models.  
From our calculations of acetylene and ethylene mass dissolved in lakes imply that lakes 
are non-saturated with these compounds and have more potential to dissolute. However, the 
calculations also suggest that the evolution of lakes over seasons and geological time scale may 
influence the overall abundance of acetylene and ethylene in the lakes, surface and as well as in 
the atmosphere. The high solubility values also indicate that lakes contain several orders of 
magnitude less acetylene and ethylene than their saturation values. The solubility values only 
estimates the amount of acetylene and ethylene present in lakes by using the measurements of the 
mixing ratio from the atmosphere. Future measurement by Cassini and other planned in situ 
missions can provide further insights into the abundance of these solutes in the lakes and their 
abundance at the surface.  
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5.1 Abstract 
Cassini VIMS (Visual Infrared Mapping Spectrometer) has provided evidence of several 
different hydrocarbons on the surface of Titan using seven atmospheric windows. Methane (CH4) 
and ethane (C2H6) are suggested to exist in both liquid and solid state on Titan. Even if the average 
temperature of Titan is clearly in the liquid stability field of both CH4 and C2H6, the particles can 
condense in the upper atmosphere and precipitate allowing then to melt and/or sublimate. Several 
studies have tired to estimate the physical changes and the lake composition using spectroscopic 
techniques as reflectance spectroscopy can provide direct determination of the surface 
composition. Thus, laboratory study at relevant Titan surface conditions of CH4 and C2H6 is 
required to determine the phase change from liquid to solid. Using NIR spectroscopy techniques 
we have successfully calculated the reflectivity ratio (Rsolid/Rliquid) of CH4 and C2H6 of 1.20 and 
1.55, respectively. The darkening of CH4 and C2H6 upon melting at Titan surface conditions is 
consistent with observation made by Cassini spacecraft in both northern and southern latitudes of 
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Titan. We also present experimental result on the evaporation rate of CH4 ice close to Titan 
conditions, which is 9.0 ± 0.3 × 10-5 kg s-1 m-2 at 87 K and 1.5 bar, while the freezing rate  of ~46 
m/year for C2H6. Methane does not freeze at 87 K as N2 dissolution rate is greater in CH4 than in 
C2H6 that lowers CH4 freezing point. Our results provide a correlation between changes in albedo 
observed by Cassini after the rain event in 2010 as liquid froze on the surface of Titan with 
maximum depth of ~ 2.32 m.   
5.2  Introduction 
Cassini Imaging Science Subsystem (ISS), RADAR, and Visual and Infrared Mapping 
Spectrometer (VIMS) have discovered a large lake like feature s in the Titan Polar Region (Turtle 
et al. 2009, Stofan et al. 2007). Observations of the lakes on Titan by Radar radiometry and VIMS 
have characterized the composition and physical properties of the surface and lakes (McCord et 
al. 2007 & Brown et al., 2008). The main constituents of these lakes are thought to be CH4 and 
C2H6 that lies near their triple point at Titan surface conditions (T = 90 – 94 K, P = 1.5 bar 
Fulchignoni et al. 2005, Jennings et al. 2009). During the Cassini fly-bys dark patches/ albedo 
variations have been observed on Titan and were related to variations between different phases of 
Titan hydrocarbons. Barnes et al. (2013) report albedo variations after a rain event in 2010 in the 
equatorial regions of Titan. The area darkens for months and then brightens before returning to its 
original albedo suggests  melting and/or sublimation processes. After the rainfall event in 2010, 
evaporative cooling of wetted terrain may have induced surface brightening due to the formation 
of a solid ice layer (Barnes et al. 2013, Soderblom et al. 2014) and darkening of the surface was 
interpreted as liquid wetting the surface (Turtle et al. 2011). Even though the average temperature 
on Titan is clearly in the liquid stability field of both ethane and methane, and dissolved nitrogen 
should lower the freezing point of mixtures [Lorenz and Lunine, 1997; Thompson et al., 1992], in 
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past the formation and presence of surface ice is still possible either in past [Lorenz et al., 1997] 
or today as snowfall from atmosphere [Hunten, 2006, Barnes et al. 2013, Soderblom et al. 2014] 
and evaporative cooling of liquids at the surface. However, to understand melting and sublimation 
processes on Titan, laboratory experiments on the stability of ices and liquids under relevant Titan 
surface conditions are required.  
The main objective of this study is to investigate the variations in reflectance properties of 
CH4 and C2H6 under Titan relevant conditions and also to determine the sublimation/evaporation 
rate of methane and ethane ices using near-IR spectral properties. Such studies on CH4 and C2H6 
ices are also of interest to other studies of icy moons such as Pluto, Charon, Triton, and other 
KBO’s/ TNO’s etc. The study of infrared properties of CH4 and C2H6 ices, will put strong 
constraints on transfer rates between potential surface ices and/or snows and the atmosphere and 
help understand present and past scenarios of ice formation on Titan.  
5.3  Experimental Methods:  
The Titan simulation chamber used to conduct these experiments is specifically designed 
to simulate cryogenic environments and atmospheric conditions on the surface of Titan (Wasiak 
et al. 2012, Singh et al. 2014). The Titan simulation chamber is a stainless steel cylinder with an 
internal diameter of 0.61 m and height of 2.08 m; it is well insulated to prevent any heat exchange 
with the surrounding atmosphere. It accommodates the Titan module which contains a 
Temperature Control Box (TCB), a gas condenser, a sample collection pan, FTIR fiber optic probe, 
a balance to measure the mass of the sample, five thermocouples at different location in the 
module, two endoscopes for direct visual observation of the sample, pressurized gas lines, 
electronic connectors, and a Gas Chromatograph line (that extends to inside the TCB) to analyze 
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the atmospheric composition inside the TCB.  
The chamber was purged with nitrogen gas before the experiment to eliminate possible 
contamination caused by the ambient atmosphere. Nitrogen gas was used to pressurize the 
atmosphere inside the module. A pressure of 1.5 bar was maintained throughout the experiments 
by a continuous supply of N2 gas by independent lines. Titan temperatures (90 – 94 K) were 
maintained by liquid nitrogen (LN2) flowing through coils that are externally and internally lined 
around the TCB.  Once the chamber and condenser have reached the relevant temperatures (106 
K for CH4 and 180 K for C2H6), hydrocarbon gases of interest were condensed into liquid form 
and collected in the sample pan. They were then frozen by decreasing the temperature down to 
about 86 K (minimum temperatures reachable in the TCB). The temperature and mass of the 
sample were constantly recorded during the experiment. IR properties of the sample were also 
recorded with a Nicolet 6700 Smart Diffuse spectrometer equipped with a 15 m long fiber optic at 
wavelengths ranging from 1.0 to 2.5 µm with a 4 cm-1 spectral resolution. This range limits us to 
five out of the seven VIMS atmospheric windows centered at 1.19, 1.33, 1.4, 1.66, and 2.0 µm.  
5.4 Background in Methane and Ethane Spectroscopy 
Several studies have previously reported transmission and absorption spectra of liquid and 
solid CH4 in the visible and infrared spectral range. Transmission spectra of liquid CH4 have been 
previously studied in the far infrared region ranging from 15-1000 m at 98 – 100 K (Savoie and 
Fournier, 1970; Arning et al., 1981). Grundy et al. (2002) studied the absorption spectra in the 
near to mid infrared region ranging from 0.7 – 5 m whereas Ramaprasad et al., (1978) also 
reported the absorption spectra in the near infrared ranging from 0.6 – 2.0 m and the visible range 
was reported by Patel et al. (1980) & Adams et al. (2012).  
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Previous studies of solid CH4 include transmission spectra in the far-IR at 77 K (K (Savoie 
and Fournier, 1970) and at 30 K (Orbriot et al. 1978). Pearl et al. (1991) measured the near to 
mid-IR spectra of CH4 ice at 30 K ranging from 1 – 22 m. The weak absorption bands in the near-
IR region ranging from 0.8-2.5 m at 27 K was revealed by Calvani et al. (1992) and the 
temperature dependence of absorptions bands ranging from 0.7 – 5 m were measured between 
30 and 90 K by Grundy et al. (2002). Adams et al. (2012) reported that the spectral features of CH4 
liquid and ice are very similar unless N2 is mixed in the solution, the similarity between both phases 
arises from the fact that CH4 ice is cubic and rotationally disordered, therefore it may be nearly 
impossible to distinguish crystalline from liquid CH4 (Adams et al. 2012). Lee, (2012), Quirico & 
Schmitt (1997) have reported the ice spectra in the IR range of both CH4 and C2H6 diluted in N2 at 
different temperature ranging from 15 – 40 K and report a shift in the absorption bands towards 
the longer wavelengths.  These spectra displays numerous absorption features in the VIMS 
wavelengths range from 0.9 to 5.1 m.  
CH4 has two stable solid phases; phase one is stable below 20.4 K and phase two is stable 
between 20.4 K and the melting point at 90 K (Grundy et al. 2002). For solid C2H6, four crystalline 
and one amorphous phases exist from 20 – 90 K. Transmission and absorption spectra of ethane 
have been reported at different wavelengths, 1.5 – 2.5 m at 21 K (Quirico and Schmitt 1997), 
mid infrared ranging from 2.5 – 12.5 m at 35-55 K (Hudson et al., 2009), 3.0 – 12.5 m at 10 K 
(Boudin et al., 1998. and  Dows, 1966). Two of the crystalline phases of C2H6 ice exist only in the 
89.68-90.32 k interval (Schutte et al., 1987), while the third stable crystalline form under 89 K is 
discussed in Konstantinov et al., (2005), and the fourth metastable crystalline phase has been 
reported by Wisnosky et al. (1983) near 20 K. The reflectance spectra of liquid and solid C2H6 and  
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Figure 5.1: Experimental run of methane and ethane simulation. A) Methane simulation mass as 
function of time. Vertical dashed lines indicated the different phases of the experiment, section (I) 
represent the minor fluctuation of mass before methane pour, a mass jump in section (II) represents 
methane pour of ~ 20 g. Section (III) shows a linear decrease in the mass indicating a sublimation 
as the atmosphere equilibrates. A linear red line in the section (iii) is a linear fit to calculate 
sublimation rates.  B) Ethane mass simulation as a function of time. Sections (I-III) are different 
A B 
C D 
E F 
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phases of experiments same as in fig 2a. (C, D) corresponding temperatures. (E, F) Magnified 
regions of the temperature profile showing the change of phase from liquid to ice for both methane 
and ethane.  Black line shows the triple point of methane and ethane with N2 freezing temperatures 
at 1.5 bar indicated in pink clearly pointing out the ice phases of the sample.  
 
CH4 are reported in the present paper within the range of 1-2.2 micron at 87-94 K and 1.5 bar N2 
atmosphere thus covering the three crystalline phases of C2H6 and one for CH4. 
 
5.5 Results 
5.5.1 Methane Liquid at 87 K  
Figure 1A shows the mass profile of CH4 with corresponding temperatures (Fig. 1C and 
1E) as a function of time. The mass data is divided into three distinctive parts, first the fluctuations 
induced by extreme temperature and pressure, which is the reason for a slightly negative mass 
before condensation (Fig. 1A, section I). At the end of section I (about 6400 s) the sudden jump in 
the mass reflects the addition of ~5 g of CH4 into the sample pan. After opening the valve again at 
7000 s, ~15 g of CH4 is added to the pan resulting in total mass of ~20 g.  Section I is then followed 
by a steady increase in the mass to ~23 g for about 800 s that is caused by the droplets that have 
accumulated around the valve falling into the sample.  At the end of section II, ~8500 s an apparent 
plateau is observed due to dissolution of N2 in liquid CH4 (Luspay-Kuti et al. 2012, 2015). Finally, 
in section III (Fig. 1A), the data show a steady mass decrease from about 1000 s to the end of the 
experiment (~ 12000 s).  
An attempt to freeze methane was unsuccessful due to high N2 solubility. Dissolution of 
N2 lowers the freezing point and thus freezing point was not achieved. However, we measured the 
evaporation rates of CH4 at lower temperatures than 90 K. The temperature profile is shown in  
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Table 5.1.  Measured and calculated parameters in methane evaporation experiments under Titan 
conditions.  
 
 Eexp (Kg m-2 s-1) Ecorr (Kg m-2 s-1) 
 
Average Liquid  
Temperature 
(K) ± 0.5 
Average Atm. 
Temperature (K) 
± 0.5 
Pressure 
(bar)  
*(3.1 ± 0.06) × 10-4 (1.6 ± 0.03) × 10-4 N/A 94.1 1.5 
(2.316 ± 0.03) × 10-4 (1.2 ± 0.01) × 10-4 88.0 88.5 1.5 
(1.75 ± 0.02) × 10 -4  (9.0 ± 0.01) × 10-5 87.0 87.0 1.5 
(0.67 ± 0.02) × 10-4 (3.4 ± 0.015) × 10-5 86.3 86.0 1.5 
     
 
<Eexp> is the evaporation data measured in the experiments, and  
<Ecorr> is the evaporation rate corrected for the difference between Earth’s and Titan’s gravity 
* Evaporation value obtained by Luspay-Kuti et al. (2012) at 94 K.  
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figure 1C. Table 1 shows three separate runs that indicate the evaporation rate at different 
temperatures. Methane evaporation rate corresponding to figure 1 at 87 K are calculated by finding 
the steady state portion in the mass vs. time curves (Fig 1A, section III) where the atmospheric 
temperature in the chamber remains fixed at 87 K. A least square fit is applied to the data and the 
evaporation rate is determined as the slope of the regression line with corresponding uncertainties 
to a 95% confidence interval. 
Near-IR spectra ranging from 1-2.2 μm were collected continuously throughout the 
experiment (Fig. 2A). The blue spectrum (low reflectance) was collected right after the liquid CH4 
pour at 92 K (Fig. 1C, ~ 8000 s). In the liquid phase we observe ~ 65% reflectance through the 
sample. As liquid is in transitioning phase between 8000-10000 s two spectral samples (red and 
green) were collected (reflectance around 70%). The black spectra were acquired on CH4 at 87 K 
and shows an average reflectivity of ~75% (~ 10000 s, Fig. 2A). Within 5K differences in 
temperature (from 92-87 K) we observe changes in overall reflectivity. Black color spectra relates 
to the lowest temperature decreases suddenly at 10000 s in figure 1C. Between 10000-12000 s 
several spectra were collected and all show a similar average reflectivity of ~75% as no further 
cooling was happening.  Figure 2B shows the offset spectra of CH4 at 87 K, which shows the 
decrease in the absorption band depths inactive of evaporation. The off set spectra were collected 
in the steady state portion of the mass vs. time curve (Fig. 1A, section III). The decrease in 
absorption band depth directly relates to the decrease in mass of CH4 and evaporation.  
We observe absorption bands centered at 1.16, 1.33, 1.36, 1.37, 1.85 and three sharp absorption 
bands at 1.66, 1.72, 1.79, and last one at 2.2 μm. The position of these absorptions bands is 
consistent in both phases and with all previous measurements by Grundy et al. (2002), Calvani et 
al. (1992), and Quirico et al. (1997). Two major changes were observed as CH4 converts from  
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Figure 5.2:  A) Methane liquid (92 K) and liquid crystal (87 K) spectra, lower reflectivity spectra 
are in liquid phase and higher reflectivity are liquid crystal phase, and the intermediate spectra 
represent the transition from liquid to liquid crystal.   B) Liquid crystal phase spectra offset for 
clarity and to show the reduction in absorption band depths implying evaporation. C) Ethane liquid 
(92 K) and ice (88 K) spectra, blue and green spectra are in liquid phase with lower reflectivity 
and red and turquois are in ice phase with higher reflectivity.  
 112 
 
liquid to liquid crystal or partially frozen. First, the overall reflectivity increases from and the 
reflectance ratio of CH4 (Rliq_crys/Rliquid) over the spectral range from 1 to 2.2 μm is calculated to 
be 1.14. At 2.0 μm, the reflectivity is 55% for liquid CH4 and 66% for solid CH4, resulting in a 
reflectance ratio of 1.20. This shows a little contrast between 2.0 μm and the rest of the spectral 
range. Secondly at 87 K, CH4 phase spectra a decrease in absorption band depths was observed 
(Fig. 3). Absorption band depths can directly be related to the amount of liquid/ice present in the 
sample pan, as long the sample is transparent. From visual inspection using the two endoscopes 
located in the chamber methane appears transparent, and as it evaporates, the decrease in mass 
from 10000-12000 s (Fig. 1A) explains the decrease in absorption band depths. 
5.5.2 Ethane Ice 
Figure 1B shows the mass profile of C2H6 with corresponding temperatures in figure 1D 
and 1F. The mass profile is also divided into three sections: section I is the mass (~0 g) before the 
condensation of C2H6. At 4000 s section II indicates the pour of liquid C2H6 from the condenser 
into the pan (Fig. 1B). In this case ~ 12 g of pure C2H6 is condensed and the mass does not change 
over the entire course of the experiment (~1 hr, section III). The lack of mass loss indicates that 
ethane does not evaporate/sublimate at the time scale of our experiment, contrary to methane. The 
lack of significant C2H6 evaporation/sublimation is mostly due to its extremely low saturation 
pressure (Luspay-Kuti et. al 2015).  
The liquid C2H6 sample is poured into the sample pan at ~4000 s at 114 K (Fig. 1D). A 
sudden decrease in the temperature at ~ 5000 s is related to the increase in the LN2 flow necessary 
to reach Titan’s surface temperature (90 K).  During this process the sample stays in the liquid 
phase and continues to freeze. At ~5900 s the temperature decreases by a few Kelvins (~3 K) from 
90 K to 87 K, indicating complete conversion into ice crystals. Between 6000-7000 s the 
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temperatures remains constant at 87 K in the ice phase.  
At 4000, a spike in the temperature profile represents the pour of C2H6 (Fig. 1D) and two 
spectral samples in the near-IR range from 1 – 2.2 μm were collected in liquid range between 4000 
– 5900 s. Total Four spectral samples were collected at different temperatures over the course of 
experiment (~ 1 hr). In figure 2B, the blue spectrum was collected right after 4000 s in liquid phase 
and showed an average reflectivity of ~ 55% at 114 K. Once the temperature reached 90 K, another 
spectrum (green) was collected in the liquid phase with the average reflectance of ~ 55% (Fig. 2B). 
Between 6000 – 7000 s two spectral samples (red and light blue) were collected in the ice phase 
with average reflectivity of 75% (Fig. 2b). As for C2H6 the surface reflectivity is the major factor 
that alter as the phase changes from liquid to solid. The average reflectance ratio of C2H6 
(Rsolid/Rliquid) over the spectral range of 1-2.2 μm is calculated to be 1.36. Specifically at 2.0 μm, 
the reflectivity ratio is 1.55 that shows a contrast over entire spectral range. 
We observe several sharp absorption bands from 1.6 – 1.9 μm (reported at 1.609, 1.668, 
1.687, 1.698, 1.718, 1.734, 1.765, 1,789, 1.817, 1.869, 1.964, 1.981 μm with ± 0.001 error, Fig. 
2C). C2H6 also produces three distinct absorption bands in the 2.0 μm region (2.015, 2.029, 2.053, 
and 2.099 μm with ± 0.001 error) that lie in the VIMS atmospheric window (Fig. 2C). In the solid 
phase, absorption band are sharper and narrower than in liquid C2H6. Absorption band at 1.609 
and 1.668 are more defined in solid C2H6, where as in liquid C2H6 these two bands are nearly 
absent (Fig. 2C). However, the overall positioning of the absorption bands does not vary as C2H6 
phase changes from liquid to solid, and is consistent with previous measurements by Wisnosky et 
al. (1983), S. Lee (2012), Quirico et al. (1997), Hudson et al. (2009), DeMeo et al. (2010). Quirico 
et al. (1997) demonstrated that C2H6 diluted in N2 would produce additional absorption bands over  
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Figure 5.3. Evolution of band depth of main methane abortion bands as a function of time (Section 
III in Fig. 2A). The decrease of band depth indicates methane evaporation. 
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this spectral region compared to pure C2H6 ice samples. In Quirico et al. (1997) study, N2 ice is 
mixed with C2H6 ice before collecting the IR sample. In our lab measurements the 1.5 bar N2 
atmosphere does not affect the spectral signature of pure C2H6 ice, probably because the N2 
mixing/solubiliy in C2H6 is negligible (Chevrier et al. 2015). 
5.5.3 Freezing rate of Liquids 
 Using our data we determined the freezing rates of C2H6 under Titan surface conditions. 
Figures 2F are divided into three different sections (these three section does not represent any 
correlation to three section in mass curve), section I is the cooling stage where the temperature 
reaches to freezing point of C2H6 (~90 K) and the freezing occurs at constant temperature. In 
section II the sample is completely frozen and thus the temperature changes by few Kelvins (~ 3-
4 K). In section III the system reaches the minimum temperature of 87 K. In C2H6, the amount of 
time section I requires is ~ 700 s and based on this section the freezing rate for liquid ethane is 
1.45  10-6 m/s (corresponding to 46 m/year, fig. 2F). For methane, section I takes ~ 2800 sec to 
reach liquid-crystal phase, thus we deduce the rate of change ~ 5.3 10-7 m/s. 
The reported storm observed by Turtle et al. (2011) was around 27 September 2010, and 
most changes reverted by 15 January 2011. The change in albedo was observed ~80 days from 29 
October 2010 to 15 January 2011. The total albedo (darkening) change seen by ISS until 29 
October 2010 covering an area of 510,000  20,000 Km2 (Turtle et al. 2011). Assuming most the 
rain occurred between 29 October 2010 and 15 January 2011 (~ 80 days), when the terrain 
darkened and reverted back to normal. Our freezing rate of ethane show that in ~80 days ~ 10 m 
of liquid will freeze into ice after the precipitation, assuming pure ethane rain. For methane, the 
rate at which it changes its phase from liquid to liquid-crystal ~ 2.32 m deep liquid will change 
after the precipitation. The depth of ~ 2.32  0.6 m calculated by evaporation rate of liquid-crystal 
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phase is consistent with the liquid depth of 2.4  0.5 m estimated by Luspay-Kuti et al. (2012) 
after the storm using the evaporation rates of CH4 at 94 K. From our experimentally determined 
evaporation rate this corresponds to maximum depth of the liquid-crystal formed of 1.24  0.1 m.  
Even if methane freezing was not achieved in the lab, we were still able to achieve the 
liquid crystal state. The gradual decrease in the evaporation rate at low temperatures provide a 
logarithmic trend from which a sublimation rate for methane-nitrogen ice sublimation can be 
extrapolated (Fig. 5.4). In the time span of our experiment, the nitrogen solubility of ~ 20% in 
liquid methane was adapted from Luspay-Kuti et al. (2012). Assuming the ideal solution, the 
freezing of methane-nitrogen (80%-20%) was calculated to occur at 83 K.  By usingFigure 4 the 
sublimation rate of methane-nitrogen mixture at 83 K was calculated as is 0.22 × 10-5 kg s-1 m-2. 
On the other hand, even if methane ice was not formed on Titan, the increase in reflectivity 
suggests that on Titan, if pure methane were precipitated, due to evaporative cooling methane ice 
would have formed on the surface. Even if methane ice wasn’t formed on the surface due to the 
decrease in freezing point because of high nitrogen solubility, we would still see increase in 
reflectivity if methane was in liquid-crystal phase. The increase in reflectivity is consistent with 
the reflectivity values calculated by Barnes et al. 2013.  
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Figure 5.4: Methane evaporation rate vs. Temperature. A trend shows the decrease in evaporation 
and a sublimation rate at 83 K (Red Square).  Blue square indicates the evaporation values 
calculated by Luspay-kuti et al. (2012). 
 118 
 
5.6 Discussion 
In this study we have successfully determined the variations in spectral behavior of solid 
vs. liquid C2H6 and liquid-crystal vs. liquid CH4 at the temperature and pressure relevant to Titan 
surface. A significant increase in the reflectance and changes in absorption band depths have been 
determined depending on the phase. In the C2H6 spectra, the band depth increases as the phase 
changes from liquid to solid, whereas in CH4 we have observed a decrease in absorption band 
depths. The amount of liquid or solid present in the sample pan is directly related to the absorption 
bands depths. Using the endoscopes located inside the chamber for direct visual interpretation we 
have determined that CH4 ice is transparent whereas C2H6 ice is more opaque (Figure). Reflectivity 
increases by ~ 10 % for both CH4 and C2H6 as the phase changed clearly indicating the brightening 
of the surface. The reflectivity ratio of CH4 and C2H6 are calculated to be 1.20 and 1.55 respectively 
within the 2.0 μm window to interpret the presence of ice on the surface of Titan using recent and 
forthcoming Cassini observations.  
Previous studies by Adams et al. (2012) have estimated a reflectivity ratio of 1.27 for solid 
versus liquid CH4 at Titan relevant temperatures but not pressure. Our reflectivity ratio of 1.20 is 
slightly lower than previously estimated which might be the result of mixing of N2 in liquid CH4. 
Assuming N2 is mixed when CH4 is in contact with the chamber atmosphere, Luspay-Kuti et al. 
(2012) estimated the time for the mixture to equilibrate to be only 10 seconds, and that the mole 
fractions of N2 and CH4 in the condensed liquid are 0.16 and 0.84, respectively (Luspay-Kuti et al. 
2012). The mixing of N2 decreases the freezing point of methane, thus in our experiments we do 
not observer complete solid phase rather we observe liquid-crystal phase. Our low reflectivity ratio 
is probably due to this effect.  
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Barnes et al. (2013) estimated the relative reflectivity of the brightened areas after the rainstorm 
in the equatorial regions of Yalaing Terra and Adiri by assuming a linear relationship with the dark 
area assigned a relative reflectivity Rdark = 0, and the bright area Rbright = 1. Both regions show the 
pattern of darkening for few months and then brightening beyond their original reflectivity. Using 
Barnes et al. (2013) estimates we calculated the reflectivity ratio (Rbright/Rdark) of the brightened 
area to the dark area of 2.5, which includes original surface terrain reflectivity as well. After 
adjusting the effect of reflectance from original surface we get reflectivity ratio (Rbright/Rdark) of 
1.10, which is in agreement with the reflectivity ratio (Rsolid/Rliquid) calculated by our lab 
measurement of 1.36 for C2H6 and 1.14 for CH4 over the spectral range of 1 – 2.2 μm.  
Recent Cassini observation have detected large scale darkening of Titan’s surface that are 
interpreted to be the result of precipitation, first in 2005 near the south pole (Turtle et a. 2009), 
and later in 2009 in the southern tropics (Turtle et al. 2011). The darkening of the surface implies 
wetting of the surface as liquid collects in ponds (Soderblom et al. 2014) and is consistent with 
lower reflectance values as observed in this study. Cassini VIMS and ISS observations reveal that 
after the rain events there was a significant change in the albedo (Barnes et al. 2013).  The 
brightening of the wetted terrain suggests formation of ice, possibly via evaporative cooling as the 
reflectivity in solid phase increases. This brightening then appears to fade after 9 months and 
reverting back to its original albedo before rain storm.  
In this study we observe that within the time span of our experiments, CH4 starts to 
evaporate. The darkening and brightening of the surface after the rain event (Turtle et al. 2005, 
2009, Barnes et al. 2013, Soderblom et al. 2014) suggests that the participation on Titan is more 
likely to be composed of CH4 than C2H6. If the rain were composed of pure C2H6, the surface 
would have experienced three different changes. First, the wetting and darkening of the surface by 
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rain storm, brightening of the surface via freezing, and re-darkening due to melting of ethane’s. 
Due to low saturation pressure at Titan surface conditions, ethane will not sublimate or evaporate 
(atleast during the time span of 1 year), thus melting will be the only option. According to Barnes 
et al. (2013), we do not observe the re-darkening process, thus eliminating the assumption of ethane 
rain. In the case of CH4 rain, the albedo would return to its original value directly after brightening 
due to evaporation/sublimation processes. Thus, the process of darkening and brightening of the 
surface and our reflectivity ratio of 1.14 for methane that is consistent with Barnes et al. (2013) 
estimate of surface reflectivity of 1.10 confirms that the rain was most likely composed of methane.  
5.7 Conclusion 
In our experiments we have observed crystallization of C2H6 between 87 and 90 K and 
liquid-crystal pahse of CH4 between 87 and 90 K and. On Titan, CH4 and C2H6 may appear in all 
three phases as the Titan conditions lies close to the triple point of these hydrocarbons. Using near-
IR spectroscopic techniques, we report the experimental determination of the reflectivity ratios of 
liquid-crystal/liquid CH4 and solid/liquid C2H6 at Titan relevant surface conditions. The 
reflectivity ratio observed over spectral range of 1-2.2 μm for CH4 is 1.14 and for C2H6 is 1.36 and 
specifically at 2.0 μm window is 1.20 and 1.55 for CH4 and C2H6, respectively. We provide an 
upper limit to the evaporation rate of CH4 at 87 K Titan condition of 9.0 ± 0.1 × 10
-5 kg s-1 m-2 and 
a sublmation rate of ~ 0.22 × 10-5 kg s-1, assuming binary mixture of methane and nitrogen (80% -
20%) freezes at 83 K. We have also determined the freezing rates of and C2H6 of ~17 m/year and 
~ 46 m/year, respectively. However, for methane we did not achieve solid state, but from liquid-
crystal we estimate the freezing rate of CH4 is ~ 17 m/year. In rain event in 2010, the darkening of 
the surface after the rain and subsequent brightening suggest freezing of wetted terrain, in 
accordance with the albedo variation of ~ 10% in the ice phase in the lab spectra. The returning of 
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the albedo to before rain event suggests sublimation/evaporation processes. Using our evaporation 
and freezing rates of liquid crystal phase of methane, we provide an upper limit to the depth of 
liquid freezing on the surface of 2.32 m and maximum depth of the ice sublimated/evaporated 
resulting from the storm of 1.24  0.1 m.  
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6 CONCLUSIONS AND SYNTHESIS  
 
 In order to understand the complex surface processes of Titan initiated by hydrocarbons, 
experimental and numerical models were developed. Even though the surface processes on Titan 
are similar to Earth, a different experimental and numerical model approach was developed to 
simulate surface processes and chemistry at Titan relevant conditions. Titan’s atmosphere 
possesses several different species of hydrocarbons; this dissertation focuses on the interactions 
between four hydrocarbons that are abundantly available in the atmosphere and exists on the 
surface e.g. methane, ethane, acetylene, and ethylene. To perform experiments using these 
hydrocarbons a specially designed chamber “Andromeda” at University of Arkansas W. M Keck 
laboratory was used. The Titan simulation chamber allowed us to first measure near-infrared 
properties of liquid and solid acetylene (manuscript submitted), which was later compared with 
Cassini VIMS spectral data of Titan’s surface to identify acetylene on the surface (manuscript 
submitted on detection). Since, methane and ethane exist in liquid phase on Titan but acetylene 
and ethylene are in solid phase, we have determined the solubility values of acetylene and ethylene 
in liquid methane and ethane. Results here indicate that acetylene is ~ 10 times more soluble in 
ethane than in methane. However, ethylene is equally soluble in both methane and ethane but is 
more soluble than acetylene. The acetylene and ethylene content in the lakes at Polar Regions have 
been estimated (manuscript submitted), as well as the amount of evaporites deposits in dry 
lakebeds.  
 Titan’s surface temperatures (90 K) exist near the triple point of both methane and ethane. 
These exist mainly in the liquid phase at the surface. However, methane and ethane are also thought 
to exist in solid phase for a brief period of time due to evaporative cooling. In our experiments we 
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have estimated the reflectivity ratio of solid to liquid phase for both methane and ethane. The 
reflectivity ratio of the two phases can be compared to Cassini VIMS data to determine the phase 
of methane and ethane present on Titan. Recent Cassini observations provide clues of liquid 
freezing on the surface after the rain event. We investigate the freezing of methane and ethane 
under Titan conditions and determine that methane cannot freeze at 87 K because nitrogen 
dissolution becomes significant and lowers the freezing point. However, ethane can easily freeze 
at 90 K because nitrogen dissolution is non-observable in ethane. Results from methane freezing 
experiment suggest that the viscosity of methane increases as temperature drop. Thus, the 
evaporation characteristics of pure methane at low temperatures have been established. 
 In the following section, I review the current state of understanding on the formation of 
evaporites and how the composition of evaporites can differ depending on the main constituent of 
the lakes. The detection of acetylene on the surface of Titan opens new paths to the formation and 
distribution of the surface. In following sections, I review how abundance of acetylene will change 
the current understanding of the surface processes.  
6.1 Acetylene detection 
 The detection of acetylene on the surface of Titan opens new paths to understand and 
constrain Titan’s surface activity. Titan’s spectra from Cassini VIMS and laboratory spectra of 
acetylene in this dissertation suggest that acetylene is globally present on Titan. However, due to 
bad geometric viewing angles we couldn’t analyze the Polar Regions, but the data suggest that 
Titan’s surface is acetylene rich. Chapters 2 and 3 paint a wide picture of how acetylene absorption 
bands matches with the Titan spectrum at short wavelengths. In attempt of finding C2H2 on the 
surface of Titan we used high signal to noise spectra of the surface for compositional analysis. To 
satisfy all the requirements and to select spectral data obtained in favorable geometries (incidence 
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and emergence angles generally lower that 60), we focused on the equatorial regions of Titan. 
We selected the regions of Shangri La, Tui Regio, Hotei Arcus, and Yalaing Terra and divided 
each of these regions of interest in two areas depending on the terrain types (bright and dark). 
Shangri La region was selected due to the landing of Huygens probe in this region. When 
Huygens landed on the surface it detected traces of C2H2 (Niemann et al. 2010) suggesting the 
presence of C2H2 on the surface. Huygens landed on a dry lakebed, which indicated fluvial and 
erosional processes, suggesting if C2H2 was present on the surface it may or may not have been 
transported from higher terrains. Tui Regio were selected because recent studies show that this 
region is rich in evaporite deposits (McKenzie et al. 2014). From photochemical models we know 
that C2H2 is a major dissolved component in the lakes and should be enriched in the evaporite 
depository such as Tui Regio. Finally, Yalaing Terra was selected because of its rich history in 
fluvial activity and transport of sediments from higher to lower terrain. Overall, all these regions 
show indication of the presence of acetylene, thus suggesting that acetylene plays a major role in 
shaping the surface of Titan.  
The detection of C2H2 in this study arises a questions of why was C2H2 not identified in 
the previous study by Clark et al. (2010)? The main reason was that the, Clark et al. (2010) study 
focused only on 5 µm window in VIMS data because less signal to noise was needed for detection. 
The Clark et al (2010) study used carbon black to suppress weak absorption so that only the 
strongest features would show in a low reflectance surface like that on Titan. The spectra of C2H2 
with carbon black suppresses the absorption bands at shorter wavelengths. Thus, it is possible that 
the absorption band at 1.55 µm was suppressed and did not appear in Clark et al. (2010) C2H2 
spectra. Even if C2H2 has a strongest absorption band at 4.94 µm, the mixture of carbon black 
would most probably suppress it. Another reason is, at 5 µm there are several other hydrocarbons 
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absorption bands as determined by Clark et al. (2010), which may overlay C2H2 absorption band 
at 4.94 µm and may be interpreted for acetylene’s near complete absence. The reasoning Clark et 
al. (2010) used is the absence of a ~4.9-µm absorption feature and a 2.8/2.7-µm reflectance ratio 
for Titan that is too high to be C2H2. However, there are hints of the 4.9-µm C2H2 absorption in 
Titan spectrum perhaps not the one that Clark et al. (2010) study chose. Also, interpretation of the 
2.8/2.7-µm ratios has been shown to be highly problematic without an atmospheric correction 
(Hayne et al., 2014). Even with this known fact that 2.8/2.7 and 5 µm window requires intense 
atmospheric modeling, the compositional analysis of Titans surface was done by using 5 and 
2.7/2.8 µm windows in the past. Since, there is plenty of C2H2 present in the atmosphere as well, 
removal of C2H2 absorption bands by performing atmospheric correction is another possibility 
why previous studies lacked in the detection of C2H2 on the surface of Titan.  
In chapters 2 and 3, we successfully identified solid C2H2 on the surface of Titan using 
1.59 µm VIMS atmospheric window. The C2H2 abundance differs from dark to bright terrains. 
The band depths of C2H2 at 1.55 µm appear significantly larger in bright terrain than dark terrains 
suggesting higher quantity of C2H2. However, the negative slope at 1.55 µm in dark terrains also 
suggests some amount of C2H2. The abundance of C2H2 on Titan is still unknown; we have only 
detected and mapped the feature on the surface. Clearly the band depth of the absorption feature 
at 1.55 µm suggests the variation in the abundances at bright regions and dark regions. Some 
individual pixels shows steeper slope than other pixels in the same type of terrain. Obviously, from 
the RT modeling steep slope , it predicts a higher percentage of C2H2, which suggest a purer and/or 
smaller grain size of C2H2 ice surface than of the darker terrain.  
6.2 Effect of solubility of Acetylene and Ethylene on Titan’s surface 
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 Results from Chapter 3 clearly imply that acetylene is present on Titan. Assuming 
acetylene is widespread on Titan, especially on bright terrains we can estimate the local 
heterogeneities in surface processes after acetylene deposition. Acetylene detection in dune field 
is closer to the detection limits presented in chapter 3 and suggests that acetylene has accumulated 
in the non-dune area of Titan and is then transported by surface erosion or other processes. The 
lower detection limit of acetylene in the dune fields can also be interpreted as dark material such 
as aerosols from the atmospheric covering of the acetylene fields. However, we have good 
examples of dunes diverging that appear bright in VIMS data, which supports the fact the acetylene 
is transported from different topography and exists in different grain sizes. From all the above 
analysis, acetylene should appear bright in Cassini VIMS data and should be only detected in high 
topographic terrains (Fig. 6.1). This assumption is consistent with our observation of high 
acetylene index and topographic map produced by Lorenz et al. (2013).  
We tested the presence of acetylene on Titan with different elevation and concluded that 
acetylene is present in all types of terrains at different heights. Results from Fig. 6.2 suggest that 
there is high quantity of acetylene present in the lower elevation, which can be interpreted as dry 
lake beds and acetylene is present in the form of evaporite deposits. At higher terrains acetylene is 
present in high quantity as well and is transported to the lower plain regions of Titan by rainfall 
events (Turtle et al. 2009, 2011, Rodriguez et al. 2011). All these processes and the high solubility 
value of acetylene in liquid methane and ethane are in agreement with each other.  
To support above argument, the findings and solubility results of solid C2H2 in liquid 
hydrocarbons are presented in chapter 4 (Singh et al. 2014, 2015; Glein et al., 2013) and clearly 
suggest that C2H2 is continuously removed from the surface to the bottom of the oceans after a  
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Figure 6.1: First topographic map of Titan by Lorenz et al. (2013) in the same projection as maps 
in chapter 3.  
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rainstorm by surface runoff. The erosion of C2H2 to the bottom of lakes and oceans suggests 100 
to 200 m thick lining (Matteson et al. 1984) which supports our assumption of low abundance of 
C2H2 on dark terrain (flat areas) and high abundance of C2H2 on bright terrains and in dry lakebeds. 
Our observation of high C2H2 abundance in bright terrain (Tui region and Hotei Aracus) is 
consistent with the observation of evaporites by McKenzie et al., (2014). C2H2 is predicted to be 
abundant on Titan, which implies that C2H2 rich sedimentary rocks would be susceptible to 
chemical reactions, and C2H2 evaporites may form on Titan. C2H2 in liquid hydrocarbons on Titan 
appear to be intermediate to those of calcite and gypsum I water on the surface of Earth. This is an 
indication that C2H2 can be present in higher quantities at some regions and at lower quantities at 
others. 
As stated above, the acetylene being present on both dark and bright terrain arises a doubt 
about acetylene detection because it should appear with same brightness and spectral slopes in 
VIMS data. This can be explained by the work done by Sotin et al., (2005) and McCord et al., 
(2006) on VIMS data, can explain the small variations in the spectral slopes. They found that most 
of the spectral signatures were similar and could be modeled to first order by scaling the reflectance 
up and down with bright and dark area albedo. However, ratios of the reflectance observed through 
Titan’s spectral windows show small variations in spectral slope, illustrating the variations in 
surface composition possibly across Titan (Clark et al. 2010) similar to 1.55 µm absorption. 
Although such variations might, be due to a single compound varying in grain size, which in our 
case is C2H2. For example, Clark et al. (2010) illustrates that a frozen lake of pure water that 
appears almost black compared to bright, fine-grained snow which have markedly different 
albedos and spectral slopes but have the same composition. Both reflectance levels and spectral 
slopes change with grain size. From this we can illustrate that on the bright terrain solid C2H2 is  
 132 
 
 
 
 
Figure 6.2: Hypsogram of Titan. (Top) our acetylene detection criteria vs. topography maps from 
Lorenz et al. (2013). (Bottom) hystogram vs. topography of Titan. 
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present with different grain size compare to dark terrains. The transport and solubility process of 
acetylene in methane and ethane from higher terrains may affect the grain size and other properties.  
So far, I have only discussed acetylene and its interaction with methane and ethane. These 
processes can also be applied to ethylene, which will produce similar effects on Titan’s surface as 
well. Ethylene is abundantly produced in the atmosphere but its presence on the surface is still 
unknown. If in the future ethylene is detected on the surface, it will also appear bright in the dry 
lakebeds as evaporites, dark in the low plain regions and dune fields, and bright in high-elevated 
areas. However, things may change a little due to ethylene’s higher solubility in methane and 
ethane than the solubility of acetylene. We would expect a thick lining of ethylene in dry lakes and 
higher quantity of ethylene in liquid lakes depending on the main constituent of the lakes.    
6.3 Formation of fluvial channels and Karstic Lakes 
We know the fluvial features on Titan are very similar to Earth, however the surface 
conditions are very different. Compelling geomorphologic interpretations have been presented for 
karstic lakes, fluviokarst and corrosion plains (Mitchell et al. 2014). The evidence from Cassini 
data and Huygens landing site strongly suggests that karst is a major contributor to Titan’s surface 
geology. Many elements that contribute to the formation of fluvial channels and karstic processes 
are still active on Titan and are very similar to that of Earth.  The basic understanding of karst on 
Earth is described as a suite of geological processes, materials, and landscapes with extensive 
underground water systems that is developed on a soluble layer of rocks. This definition applies 
to the different solutes:solvent combinations on Titan. From terrestrial analogs, we also have a 
unique understanding of fluvial channels. They are formed by water system that carve their path 
to the larger body of water. Again, this can be applied to Titan because of the compelling evidence 
of drainage patterns seen from Cassini-Huygens.  
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In this section we show that three processes, which are extensively covered in this 
dissertation, control the fluvial channels and karstic process on Titan. First, in Chapter 4, we show 
that acetylene and ethylene are highly soluble in liquid methane and ethane. Second, in Chapter 2 
and 3 we proved the evidence of acetylene on the surface. Also, major photochemical models 
predict that acetylene and ethylene may have formed layers several hundreds of meters thick at the 
surface. Third, major rain storm events predominantly composed of methane and ethane have been 
reported in the past by Turtle et al. (2009), (2011); Rodriguez et al. (2011). Combining these three 
events we paint a bigger picture of formation of fluvial channels and karst on Titan over geological 
time scales. We show that liquid methane and ethane dissolves acetylene and ethylene on the 
surface and finds its path to the large reservoirs of liquid via fluvial channels and underground 
liquid systems developed on especially soluble acetylene and ethylene. This process is similar to 
limestone, marble and gypsum dissolution in water on Earth.  
6.4 Lakes Composition 
From the above section we learn that among Titan’s liquids, its paths lead to lakes and seas. 
As the liquid is traveling it dissolves acetylene and ethylene on its path and deposits it in the lakes. 
This entire process changes the lake composition, which is poorly known. It is assumed that 
methane and ethane are major constituents of the lakes depending on their location on Titan. The 
thermodynamic model of Cordier et al. (2009) estimates that an average lake contains ~ 76-79% 
ethane, ~ 7-8% methane, and other minor components, and solutes hydrogen cyanide (~ 2-3%) , 
acetylene (~1%), and other solutes like ethylene, when in equilibrium with the atmosphere. 
Whereas, another model from Tan et al. (2013) estimates the surface liquid composition to be 53% 
ethane, 32 % methane, 7% propane and other minor constituents in equilibrium with the ground-
level atmosphere. However, Luspay-Kuti estimates 70-90% ethane and 10-30% methane in 
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Ontario Lacus (a south polar lake) based on the same laboratory setup presented in this dissertation. 
Also, it is estimated that north polar lakes are richer in methane content than ethane (Brown et al. 
2008, Luspay-Kuti et al. 2015, Cordier et al. 2009). Depending on the major content of the lakes, 
the dissolved solutes are likely to change as well. In chapter 4, we concluded that acetylene is less 
soluble in methane than in ethane, which indicates that methane rich lakes will have less quantity 
of acetylene than ethane rich lakes. However, for ethylene it will be somewhat different. Results 
from chapter 4 shows that ethylene is equally or slightly more soluble in methane than ethane, 
which indicates that ethylene will be present in equal quantity in both methane and ethane rich 
lakes.  
Titan lakes can be divided in two categories: 1) Lakes where methane content is higher 
than ethane, or lakes where methane is condensing from the atmosphere, with the majority of these 
types of lakes in North Polar Region. 2) Evaporating lakes, where methane is evaporating and 
ethane content is increasing such as south polar lakes. The difference in dissolution of acetylene 
and ethylene in both methane and ethane will affect the amount of solute present in the lakes. 
Solutes already dissolved in the lakes will react differently when condensation from atmosphere 
occurs. In the following section we will explore these categories separately.  
The majority of Titan lakes are located in northern hemisphere above 60 N and are 
generally thought to be methane rich. Difference in acetylene solubility in methane and ethane 
lead to interesting processes within the lakes. Initially assuming ethane as the major content of 
lakes and from the high solubility of acetylene in ethane we also assume that the lake will be rich 
in acetylene as well. This is a valid assumption because after northern summer, most of the 
methane will evaporate from the lakes. However, considering Titan’s 29-year seasonal cycle we 
have not seen any evidence of this process. Currently Titan is in its southern summer and evidence 
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of methane evaporation has been confirmed (Luspay-Kuti et al. 2012, Hayes et al. 2008). 
Considering Titan’s northern hemisphere, which is mainly controlled by precipitation, methane is 
continuously being added into the lakes via rain events and fluvial features. During this process, 
methane will become a major component in the lake, thus decrease the solubility of acetylene in 
lake. This will lead to acetylene precipitation within the lake and form a thick lining of acetylene 
at the bottom (Matson et al. 1984). Formation of this thick layer under the lakes is consistent with 
the previous estimates of a thick layer of acetylene lining under the lakes or oceans (Matson et al. 
1984, Lunnie et al. 1980). This process is only possible if lakes were initially saturated with 
acetylene and then the addition of methane will lower the solubility, which will result in 
precipitation and decrease the relative concentration of the lakes. In case of ethylene, both northern 
and southern lakes should not experience this process because of ethylene’s similar solubility in 
both methane and ethane. Considering the results from Chapter 4 on ethylene solubility, we 
suggest equal distribution at both poles and lower fractionation during evaporation and 
condensation.  
However, in the southern hemisphere where Ontario Lacus is located and currently in the 
summer season, evidence of completely different process is shown. The evidence of receding 
shoreline clearly suggests the evaporation of methane and other volatile compounds from the lake 
(Hayes et al. 2008). When methane evaporates, ethane content dominates (Luspay-Kuti et al. 2012, 
Cordier et al. 2009). In this situation, Ontario Lacus should be rich in acetylene and ethylene, with 
strong fractionation due to difference in solubility of acetylene in methane and ethane. Even though 
ethane is really stable at Titan surface condition, long-term evaporation could result in the 
formation of evaporites. As both methane and ethane evaporate from the lake, the solutes dissolved 
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in the lakes will settle and have been observed in dry lake beds and as well as on the receding 
shoreline of Ontario Lacus by Moriconi et al. (2010).  
6.5 Detection of Evaporites 
Results from Chapter 4 clearly indicate that acetylene dissolves in the lakes liquid and 
could also be present in the bottom sediments. Once volatile content such as methane evaporates 
and/or over a long period of time ethane evaporates, the liquid portion of lake will decrease 
exposing the bottom layer of sediments and dissolved components. Several studies have reported 
the decrease in shoreline of Ontario Lacus and suggested it as a prime suspect to investigate for 
evaporite deposits. Traces of several evaporites have been reported at the shores of Ontario Lacus 
by Moriconi et al. (2010) using Cassini VIMS data. In the “ramp” region adjacent to the lake 
propane, butane and acetylene have been identified by Moriconi et al. (2010) (Fig. 6.4). These 
observations are in agreement with the results produced in Chapter 4 and our assumption of 
evaporites.  
Due to limiting access to Cassini VIMS data and other problems that originated from 
viewing geometric condition, I did not analyze the shoreline of Ontario lacus to detect evidence of 
acetylene and ethylene. However, we performed a set of experiments in the laboratory to detect 
the evidence of evaporite in our laboratory setup. Figure 6.4 illustrates the spectral data from the 
methane and acetylene mixture experiment. Using the same conditions and experimental set 
described in chapter 4, we successfully condensed ~ 12g of solution (methane + acetylene). Over 
the course of experiment, methane evaporated leaving acetylene deposit behind. In the spectral 
data, a blue spectrum was taken after the solution was poured into the sample pan. The acetylene 
absorption bands were identified at 1.55 and 1.92 µm, whereas range methane absorption bands 
were identified at1.19, 1.4, and 1.66 - 1.81 µm (Fig. 6.4). As the experiment proceeded, methane  
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Figure 6.3: (Top) Overlapping of the three different VIMS observation, in panel (a) the same 
satellite projection used for VIMS maps of Fig. 3 have been applied to the ISS observation. 
(Bottom) the main morphological identified for the lake in red (liquid coverd), cyan (ramp where 
liquid evaporated), and green (bright shoreline).  
Image credit: Moriconi et al. (2010).  
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Figure 6.4: Evidence of formation of evaporites. Absorption band at 1.55 µm continues to 
appear and stronger as methane evaporates.  
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evaporated from the solution, which can be seen as the absorption band depth decreases from blue 
to green spectra. As methane evaporated, acetylene absorption band depth increases from blue to 
green spectra indicating the amount of acetylene dominating in the solution. Once methane was 
completely evaporated (pink spectra), no methane absorption bands were observed in the spectra. 
The presence of acetylene absorption band at 1.55 µm clearly indicates it as an evaporite. 
From the above experiment, we proved that the formation and detection of acetylene as an 
evaporite is very common process on Titan and can be easily detected in the 1.6 µm Cassini VIMS 
atmospheric window. The only limitation of detecting evaporites in the lake shoreline is the 
viewing conditions of Cassini VIMS. As we know the majority of Titan lakes are located at Polar 
regions and due to high phase, incidence and emergence angles, the compositional analysis much 
harder. However, at the equatorial regions where the viewing conditions are normal, evaporites 
can be detected with ease. For example, Chapter 2 and 3 analyzed dry lake basin of Tui Regio and 
Hotei Arcus and successfully identified acetylene present in high quantity.  
6.6 Future Directions 
 In this chapter, several processes were discussed to show how the detection of acetylene 
was possible by joining the trinity of observation, models, and experiments. The significance of 
experimental work on the solubility of several other hydrocarbons that are abundantly available 
on the surface of Titan will help us understand the dynamics, composition and distribution of 
Titan’s surface. From all the observations by Cassini and in situ measurements by Huygens probe, 
it is clear that liquid-solid interaction happens globally on Titan’s surface. We suggest future work 
to be continued from this dissertation as follows: 
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 Determine the solubility of acetonitrile in liquid methane and ethane using the near infrared 
spectroscopy and tools developed in this dissertation. 
 Determine the solubility and reactivity of Tholins with liquid methane and ethane, and also 
in few nitrile compounds.  
 Continue comparing the IR spectra data with data obtained from the Cassini mission and 
continue detecting new constituents on the surface of Titan. Majority of the lakes and 
oceans on Titan exist at the north and south poles, due to geometric constraints I could not 
analyze the Polar Regions. Future Cassini flybys of Titan north and south poles with better 
geometry are awaited so we can continue map Titans surface for poles as well.  
 Results from Chapter 5 show that methane can’t freeze at 87 K. Titan simulation chamber 
could be designed to go to even lower temperatures and freeze methane. Once, we are able 
to freeze methane, sublimation freezing rates can be determined to answer unsolved 
mysteries about methane ice on Titan.  
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